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ABSTRACT 
 
 
Epoxy Systems and Nanoporous Networks with Functionalized Carbon Nanotubes 
Mary E. Sullivan Malervy 
Advisor: Giuseppe R. Palmese, PhD 
 
 
 
In advanced environmental sensor systems, sensing is achieved by assessing 
material property changes upon sorption of contaminants. Performance of these 
sensors may be improved by replacing thin films of these materials with a high surface 
area system. The focus of this work was to contribute to the design of advanced 
environmental sensors by incorporating carbon nanotubes into a nanoporous polymer 
network. Novel nanocomposites were developed in which amine-functionalized multi-
wall (MWNT) and double-wall nanotubes (DWNT) were preferentially incorporated 
into the polymer phase of a nanoporous epoxy system.  This resulted in self-oriented 
nanotube networks with ultra-low percolation thresholds. Additionally, these 
nanocomposites possess polymer morphological features with characteristic 
dimensions less than 100 nm, providing ultra-high specific surface area that is 
expected to respond rapidly to environmental exposure via sorption. The sensing 
capabilities of these materials were evaluated by characterizing their transient 
electrical conductivity when exposed to vaporous tertrahydrofuran (THF) 
environment. Exposure resulted in a rapid drop in conductivity that correlates with 
weight gain results of sorption experiments. Hence, the ability to assess environmental 
changes via conductivity measurements as well as improved response time attributed 
to a nanoporous structure were demonstrated. 
xxvi 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 
1.1  Motivation and Objectives 
The development of advanced materials and assemblies and the rate of their 
integration into all areas of science will influence the future in the areas of energy, 
telecommunications, miniaturization of electronics components, and other basic 
electronics components such as circuitry, high-speed signals, and structures requiring 
charge dissipation. Deviation from the use of traditional metals and the adoption of 
non-metallic conductive materials for these applications is paramount not only to 
miniaturization of electronic components with comparable properties, but also to the 
development of lighter-weight, non-metallic composite materials which are 
electrically conductive. Specifically, high surface area conductive polymers and 
composites are excellent candidates for active substrates of advanced electronic 
components including electrolytic capacitors, which utilize non-metallic conductive 
substrates and dielectric filler, as well as chemical sensing substrates in which the 
“sensing” mechanism is governed by change in electrical conductivity. 
There exists a specific need to develop improved lightweight environmental 
sensing devices for applications which maintain strict standards of weight, volume and 
reliability. Performance of these lighter-weight sensors must also prove to be an 
improvement over current sensors. For example, correlations between weight and cost 
of up to $10,000 per pound exist in aerospace vehicle loading [1]. In addition, the use 
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of metals in electronic components currently poses obstacles concerning surface 
oxidation, corrosion, poor signal integrity, and degradative contact forces. The 
development of advanced environmental sensors – such as those used aboard aircraft 
and spacecraft – requires the use of high-sensitivity, reactive substrates for detection 
of contaminants [2 - 8]. In addition, the ability to monitor such contaminants in real-
time is paramount.  
Sorption and subsequent quantification of such chemical contaminants to the 
surface of each of these substrates may be monitored by measuring changes in 
conductivity [8] as well as morphological properties such as volume or optical 
properties upon contaminant adsorption. This work focuses on the development of an 
improved sensing substrate to be used for the described applications. 
Current sensors such as the e-nose [2 , 3] consist of an array of polymeric thin 
films. Each thin film is comprised of a differing polymer, and each has a specific 
surface reactivity. In addition, the films are loaded with carbon black, which provides 
a percolative conductivity to the thin film. Sorption of contaminants to the surface of 
each film causes varying degree of expansion of one or more films, leading to loss of 
percolation and subsequent drop in electrical response [3]. Changes in conductivity of 
each substrate provide a map of chemical contaminants in the environment. However, 
sorption of contaminants occurs only across the top surface of the thin film. This 
results in non-uniform percolation loss, which adversely affects conductivity 
measurements and subsequent assessment of contaminant concentration. As a result, 
the error associated with the e-nose is reported as high as 50% [4]. The performance of 
the e-nose and similar sensors may be improved by replacing thin films with a high 
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surface area substrate to better assess chemical sorption. In addition, the percolation of 
conductive filler would more easily be assessed by replacing the carbon black with a 
high aspect ratio filler. The goal of this work is to contribute to the design of advanced 
environmental sensors by using a novel nanoporous polymeric network with an 
electrically conductive, high aspect ratio filler. 
In addition to surface reactivity and reliable conductive behavior, sensing 
substrates must also demonstrate mechanical stability. Vibrational and planar strains 
on sensing substrates may cause creep, delamination, and large-scale fracture, 
resulting in loss of conductivity and the sensors ability to perform. The development 
of advanced systems requiring high mechanical stability has been enhanced by the 
integration of carbon filler, potentially providing improved strength, toughness, and 
electrical conductivity. By combining carbon particles with monomers during 
production, a range of molded composites can be developed with properties tailorable 
to a wide range of applications. Conventional fillers such as carbon black and carbon 
fiber, while electrically conductive in nature, exhibit downfalls due to their structure. 
Carbon black is a low aspect ratio particle, requiring high loading concentration to 
reach conductive percolation. It also cannot take on externally induced stresses, 
leaving the polymer medium vulnerable to such stresses, leading to mechanical failure. 
Carbon fiber, while exhibiting larger aspect ratio than carbon black, are also larger in 
diameter and could adversely affect a substrate’s ability to uptake contaminants by 
interfering with the morphology of the polymer medium. Carbon nanotubes provide 
the optimal combination of mechanical strength and electrical conductivity by way of 
their graphitic, sp2 bonding structure and covalent carbon network. In addition, they 
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also possess high aspect ratio as well as small dimensions, making them ideal 
candidates to percolate a nanoporous system solely within the polymer phase.  
Carbon nanotubes – like graphite, carbon black, and carbon fibers – is highly 
resistant to oxidation, exhibits exceptional mechanical properties and, depending on 
the orientation of the graphitic bonding structure exhibit excellent electrical 
conductivity. However, they precipitate from suspension when combined with water, 
solvents, and most monomers.  In addition, high inter-tube van der Waals interactions 
cause them to agglomerate readily. Both phenomena present obstacles to homogenous 
dispersion, and difficulties arise concerning reproducibility and consistency of 
mechanical and conductive performance. 
Achieving a homogenous nanotube dispersion has become of great interest in the 
academic and industrial settings due to the potential to create polymer composites with 
improved properties and reduced weight [16]. Dispersion methods range from 
mechanical mixing to chemical methods – such as covalent 
modification/functionalization designed to promote chemical bonding between tubes 
and monomers – to physical methods – such as polymer wrapping or the use of 
surfactants. However, each method of dispersion poses a threat to the structural 
integrity the nanotubes or adversely affects the curing process of the composite. 
Successful nanotube dispersion – achieving the highest overall composite properties 
while preserving the nanotube structure – is investigated in this work. 
There are three aims of this work: (1) the dispersion and selective orientation of 
amine-functionalized nanotubes into nanoporous epoxy networks; (2) dispersion of 
pure and amine-functionalized nanotubes into neat epoxy/amine systems and their 
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influence on the mechanical and electrical properties of the system; and (3) the 
irradiation of nanotubes via electron beam as a novel and non-destructive method of 
surface functionalization. 
First, nanoporous epoxy-amine networks were synthesized in which solvent was 
used as a porogen. Pure (MWNT, and DWNT) and amine-functionalized nanotubes 
(NH2-MWNT, and NH2-DWNT) were dispersed in these networks prior to cure. 
Networks were then dried using supercritical extraction, leaving a nanoporous 
structure. Structures like these may undergo functionalization to hold surface reactive 
groups capable of chemical adsorption.  
Amine-functionalized nanotubes were expected to selectively orient into the 
polymer phase of the nanoporous network. Nanotube self-orientation in such systems 
resulted in a percolation of nanotubes at lower concentration. Designs for these 
substrates include an array of high surface area polymer systems (such as the 
nanoporous system developed in our lab) with surface reactive groups, and the 
percolation of nanotubes will serve as a method of saturation detection. As select 
molecules are sorbed, the network will expand, and percolation will be disrupted, 
resulting in a drop in conductivity. 
These nanoporous networks were characterized for both electrical response and 
sorption behavior. Conductivity measurements were made of nanotube-reinforced 
nanoporous networks of varying nanotube concentration. From these measurements, 
the percolation threshold was determined for networks containing each nanotube type 
(MWNT, DWNT, NH2-MWNT, and NH2-DWNT). In addition, electrical response 
was measured in the networks while immersed in vaporous THF. As THF sorbed to 
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the network, swelling behavior of the system was assessed by increase in resistance 
over time. Finally, swelling studies were conducted in the nanoporous networks in 
order to determine the influence of high surface area substrates on the response time of 
solvent uptake. 
Second, the development of bulk (non-porous) nanotube-epoxy composites is 
discussed. Shear mixing of nanotubes into epoxy was used to reduce agglomerate size 
and improve nanotube dispersion. In addition, composites were synthesized with 
nanotubes of different diameter (DWNT vs. MWNT), concentration, and surface 
functionality, and their influence on composite properties is discussed. Comparisons 
of dispersion and extent of agglomeration were also made on composites containing 
pure and amine-functionalized nanotubes. All resulting composites underwent 
mechanical analysis, such as tensile and compact tension testing, and conductivity 
measurements were obtained from resistance to DC current. Finally, these matrices 
underwent swelling studies in order to compare the response time between these 
systems and their nanoporous counterparts. 
Finally, the use of high energy electron beam (EB) was investigated as a method of 
modifying or functionalizing the nanotubes with surface reactive groups to aid in 
dispersion. A linear accelerator (LINAC) EB was used to irradiate nanotubes at 
various radiation doses, and the structural integrity of irradiated nanotubes was 
characterized. Nanotubes were also irradiated in gaseous ammonia atmosphere in an 
effort to functionalize amine groups to the nanotube surface. 
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1.2 Background 
Several types of sensing devices may be used for the detecting and/or real-time 
monitoring of gaseous contaminants. Necessary to the performance of a sensor are (1) 
a change in the morphological, electrical, optical and other measurable properties of 
the substrate, (2) a method or instrument which accurately characterizes such a 
change, and (3) a substrate which either accommodates reversible sensing or may be 
easily replaced upon contaminant detection.  
1.2.1 Current Designs in Gaseous Chemical Sensors 
Sensing devices can be categorized by the mechanism of chemical detection that 
occurs during its operation. Sensors may exhibit changes in chemical spectrum, optical 
properties (such as color change), piezoelectric or capacitive coupling response, and 
electrical conductivity. Various sensing devices are summarized in Table 1.1. 
One of the most well known methods of measuring the chemical constituents of 
gaseous samples is gas chromatography-mass spectroscopy (GS-MS). GC-MS is often 
used for field-obtained gaseous samples to track organic contaminants [6]. Gaseous 
samples run through a GC-MS are separated by volatility, then are identified based on 
mass. GC-MS-reported values are of extremely high accuracy. However, GC-MS 
analysis is time-consuming, requires the use of heavy equipment, and is difficult to 
operate real-time. In addition, required volume of gaseous samples may adversely 
affect constraints on available space in closed environments such as airplane and 
spacecraft cabins. 
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Optical sensors measure the presence of, and increase in, gaseous contaminants by 
exhibiting change in visible color or fluorescence upon reaction with contaminant 
molecules. Simple optical sensors consist of a substrate containing highly reactive 
ceramic or polymer paste, film or bulk material. Upon reaction of contaminants, the 
substrate’s optical properties are altered and detection is demonstrated by change in 
color. More specialized optical sensors consist of glass fibers containing a fluorescent, 
polymeric reactive thin film on their surface or ends [7]. Light is pulsed through the 
fiber through operation. Reaction of contaminant particles with the thin film may be 
identified by changes in fluorescent response, specifically a shift in frequency of the 
light. Obstacles associated with optical sensors include reliability over time [4]. Due to 
“photo bleaching”, or the gradual lessening of the effectiveness of the fluorescent 
dyes, optical sensors must be frequently refitted with fresh optical fibers. In addition, 
maintenance of the sensor is tedious. Special care must be taken to ensure that the 
sensor is not polluted by external lighting, which could produce false measurements, 
permanently damaging the sensor. 
Piezoelectric sensors observe the effects of changes in mass through variations in 
an oscillating signal [4]. As gas molecules are sorbed to the piezoelectric substrate, the 
mass increases. Changes in mass cause variations in mechanical characteristics, such 
as pressure or strain, resulting in variations in the electrical signal [7]. The 
fundamental piezoelectric process occurs in two types of sensors: quartz crystal 
microbalance (QCM) and surface acoustic wave (SAW). 
QCM sensors consist of a piezoelectric disk containing a thin polymer coating. 
Electrical leads are attached to the disk, and an oscillating signal is initiated through 
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the setup. As contaminant molecules are sorbed to the surface of the polymer coating, 
the mass increases, and the resonance frequency through the device decreases. 
Variations in frequency upon the onset of contaminant gases can be monitored by 
decoding these frequency changes.   
The SAW is similar to the QCM in that it monitors sorption of contaminants to the 
piezoelectric substrate by changes in signal frequency. However, the SAW operates by 
monitoring signal changes across the surface of the substrate, rather than through its 
bulk. In addition, due to its ability to run higher signal frequencies across the substrate, 
small changes in mass can be detected more readily and with higher precision, making 
the SAW a more sensitive assembly. Utilization of SAW and QCM sensors, however, 
is expensive, due in large part to expensive materials and electronic circuitry. In 
addition, SAW sensors in particular operate at high frequency; problems in signal 
integrity arise, and sensitivity of the substrate is compromised.  
An additional sensor type which responds to changes in threshold voltage as a 
result of capacitive charge coupling is the metal-oxide-semiconductor field-effect-
transistor (MOSFET). During operation of the MOSFET, chemical reactions occur 
between the contaminant gas and a catalytic metal contact, which, in turn, causes 
changes in the capacitive capabilities of an underlying base metal. Contaminant gases 
first diffuse through a porous metal gate contact to reach the metal-oxide interface. 
Following the reaction of contaminant gases and resulting chemical and physical 
changes in the substrate, the threshold voltage exhibits a correlated change. While 
MOSFETs are a lower cost option than its counterparts, serious errors in contaminant 
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detection occur if the contaminant gas cannot fully diffuse through the metal contact to 
reach the metal sensing substrate. 
Conductive sensors comprise a diverse, well-known, and popularly used sensor 
type. Such sensors operate by allowing the sorption of contaminant gases onto one or 
more substrates in the array. Upon adsorption, these substrates swell to a varying 
degree; the degree of swelling is dependent upon the chemical nature of each substrate 
as well as surface reactivity. Swelling of these substrates upon sorption is then 
measured by changes of electrical conductivity. There are two main types of sensing 
arrays that use this mechanism in their operation. 
One type of sensor, containing a metal-oxide substrate, utilizes the reaction of 
oxygen to the metallic surface of the substrate to form a surface metallic oxide layer [9 
- 13]. Commonly used materials are oxides of zinc, tin, tungsten, titanium, and iron 
[11], and are doped with catalytic metal such as platinum or palladium [12]. During 
operation of the sensor, normally in the temperature range of 200 ºC – 400 ºC, the 
resulting oxide layer inhibits electron mobility across the surface of the substrate. 
When contaminant gases encounter the oxidized surface, their interaction with the 
surface causes the oxide layer to decrease in thickness. As a result, electron mobility 
then improves, and an increase in conductivity of the substrate follows. Metal-oxide 
sensors, however, require high operating temperature, and, in turn, high power 
requirements, thus making them non-ideal candidates for sensors in an aerospace 
environment. 
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The final type of sensor is the polymer-based assembly. Polymer-based sensors 
may be categorized into two groups: inherently conductive polymers and conductive 
polymer composites. Inherently conductive polymeric substrates, due to the nature of 
their monomer constituents, allow for electron transport across the length of the chain. 
Conductive polymer composites provide electrical conductivity instead through the 
employment of a percolation – or continuous electron pathway – of an electrically 
conductive filler through the bulk of a naturally insulating matrix.   
Polymers which are inherently electrically conductive consist of polyaniline, 
polypyrrole, and polythiophene and their derivatives, as well as indole- and furan-
based polymers [4 , 14]. These polymers are usually deposited as thin or thick films 
across metallic leads. During operation of the sensor, the metallic leads provide an 
electrical potential across the film. Upon the physical sorption or ionic or covalent 
bonding of contaminants to the polymer backbone, the film exhibits change in surface 
or bulk electrical conductivity. Sorption alters electron transport along the backbone, 
thus adversely affecting conductivity. The speed and ease of contaminant uptake 
depend on the type of polymer, the available surface area for uptake, and the presence 
of functional groups. Humid environments can cause sorption of water to the 
backbone of the polymer, which can alter measurements of contaminant adsorption. 
Polymers that are intrinsically insulating may be used as conductive sensors when 
an electrically conductive filler is added. Most polymers are electrically insulating,  
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Figure 1.1: Influence of nanotube content on resulting electrical conductivity, and percolation 
model of predictive behavior [15 , 16] 
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but may become conductive when a percolation of conductive filler is achieved. 
Polymers used for this purpose often contain chemically reactive groups. The substrate 
is then mounted onto metallic leads, which connect to circuitry designed to measure 
resistivity. Upon interaction with contaminant molecules, these reactive groups form 
chemical or physical interaction with select contaminant molecules. Uptake of 
contaminant molecules causes swelling of the substrate, eventually disrupting the 
conductive percolation. Loss in percolation causes a decrease in conductivity. Due to 
the selective nature of possible surface reactive sites, this type of sensing substrate is 
usually assembled into an array of several conductive polymeric thin films, each 
comprising a unique polymer and/or surface functionality. Each member of the array 
therefore responds produces a unique response to a contaminant gas, which allows for 
the collection and interpretation of all responses, often called “fingerprinting”.  
Despite the advantages of polymers reinforced with conductive filler for use as 
sensing substrates, obstacles remain regarding long-term use as environmental sensors. 
For example, extreme precision must be taken to ensure the filler concentration 
reaches an initial percolation threshold – the filler concentration at which the smallest 
concentration change results in the largest change in electrical response, as shown in 
Figure 1.1. Dispersion of conductive particles throughout polymer to render the 
composite conductive requires percolation, or a concentration in which electron 
mobility occurs across the bulk of the material. Advanced sensing devices consist of 
conductive, reactive substrates which, upon reaction of select gaseous contaminants to 
its surface, exhibit change in one or more of electrical  
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Table 1.1: Various types of sensing devices and their properties and method of operation. 
 
Sensing Method Typical 
Sensors 
Advantages Disadvantages 
Molecular/Chemical 
Spectrum 
GC-MS High sensitivity High cost, high volume 
& weight 
Optical Change Coated Glass 
Fiber 
High sensitivity due to 
range of coatings 
High cost of production; 
Decreased performance 
over time (photo 
bleaching) 
Piezoelectric 
Response 
Surface 
Acoustic Wave 
(SAW) 
High sensitivity due to 
range of coatings 
High cost; complicated 
circuitry 
Capacitive 
Response 
Metal-Oxide-
Semiconductor 
(MOS) 
Easily manufactured 
using conventional 
circuitry processes 
Sensing dependent upon 
successful diffusion 
through catalytic metal 
Electrical 
Conductivity 
Metal Oxide, 
Conductive 
polymers and 
polymer 
composites 
Low 
manufacturing/operating 
costs 
Metal oxide requires 
high operating 
temperature; normally 
insulative requires 
adequate but precise 
conductive filler content 
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conductivity, morphology or optical or kinetic properties [2 – 4] Substrates may be 
assessed for chemical sorption based on changes in one or more of these properties, 
and is more often observed by conductivity change. Challenges to design effective 
substrates include intimate contact of contaminants with the substrate, uniform 
sorption of contaminants within the substrate’s volume, and well as external 
constraints such as low volume and weight of the sensing unit, and accurate 
assessment of adsorption. 
1.3  Current Polymeric Environmental Sensors 
Current designs for polymeric sensing substrates include conductive polymer 
composites in which conductive carbon particles are interspersed through bulk plaques 
and films with select reactivity [2 , 3]. The electronic nose (e-nose), produced by 
NASA’s Jet Propulsion Laboratory (JPL), was developed as part of an effort to 
monitor the breathing air contaminants in spacecraft cabins, detect pre-combustion 
vapors which may cause fires, and to prevent leakage of fuel and cooling gases. This 
sensing array utilizes several different polymeric thin films modified with a 
percolation of carbon black, as shown in Figure 1.2. Each film has a unique surface 
reactivity, and therefore a unique electrical response to contaminant gases. As shown 
in Figure 1.3, morphological changes – such as swelling – occur at varying degrees 
across each film of the array, which subsequently causes varying conductive response. 
Changes in such conductive response are mapped then matched to the fingerprint of 
candidate contaminants to identify the detected substances. 
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Ryan, M.A., et al. MRS Bulletin October 2004 
Figure 1.2: Carbon-based polymeric composite thin film array (a) 
comprising the e-nose (b) utilize polymer thin films loaded with 
carbon black 
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Figure 1.3:  Schematic of limited capability of thin-film conductive sensing substrate describes 
inhomogeneity of adsorption, causing high error in contaminant quantification 
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While the e-nose may detect a range of various and chemically complex 
contaminants, the error associated with this sensor type is measured at up to 50% [3]. 
Hypotheses for such error relate to the morphology of the sensor substrates. They 
consist of thin films, wherein chemical sorption and subsequent swelling take place 
only at the exposed surface and opposite the surface which contacts the electrical 
leads. Non-uniform swelling, concentrated on the top surface, may not span readily 
into the bulk, thus giving incorrect conductivity readings. While a conductive 
polymeric composite possesses physical and chemical properties which are 
advantageous for the operation of an environmental sensor, their morphology such as 
surface area must be modified in order to improve their performance and reliability. 
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CHAPTER 2 CARBON NANOTUBES AND NANOTUBE 
COMPOSITES 
 
Since their discovery and characterization of their properties [1 – 6]. The 
introduction of nanotubes as a reinforcing filler for polymer composites has triggered 
extensive theoretical and experimental studies focused on utilizing their exceptional 
thermal, mechanical and electrical properties. When applied to epoxy-based thermoset 
systems, the superior electrical properties nanotubes possess can provide enhanced 
overall composite bulk conductivity upon achieving a percolation of tubes. In addition, 
their mechanical properties such as Young’s modulus of over 1 TPa [5 , 7] may 
potentially improve the overall mechanical properties. However, their effect on 
composite mechanical properties has been widely debated, as seen in an expanse of 
contradicting reports discussed in Section 2.7.1. This chapter reports our investigation 
of the influence of nanotubes on the mechanical and electrical properties of an epoxy-
amine cross-linked network based on their size and functionalization. 
2.1 Discovery 
The first reported discovery of nanotubes was published in Russian in 1952 by 
Radushkevich, et al. of the Soviet Union [2]. TEM images of their work show clear 
hollow tubes, as shown in Figure 2.1. Isolation of the country caused the research to 
gain little attention. The first widely distributed reports of carbon nanotubes described 
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carbon-based tubes of uniform diameter and several layers thick [1 , 3 , 4]. As reported 
by Iijima, et al [3], MWNTs were created by arc discharge between two graphite 
electrodes. His study proved the ability to grow carbon nanotubes from pure graphite 
without use of a catalyst. Their studies of MWNT reported concentric, co-axial tubes 
several shells thick. The studied nanotubes also describe the sp2-hybridized structure 
consistent with planar graphene. Later, SWNT were introduced in two reports [4 , 89].  
2.2 Structure and Properties 
2.2.1 Chemical Structure 
Nanotubes are long, hollow, and cylindrical structures consisting of one or more 
graphitic sheets rolled around the core. The bonding along the shell consists of a 
covalent σ-bonded structure, while inter-nanotube bonds across multiple shells of a 
nanotube are weaker π bonds. Unlike diamond, which has an sp3-hybridized bonding 
structure that provides the three-dimensionality of the crystal structure, graphite is 
composed of an sp2, planar hybridization containing the carbon-carbon double bond. 
This hybridization results in a sheet of hexagonally-oriented carbon atoms as shown in 
Figure 2.2. Single-walled nanotubes (SWNT) consist of one graphitic shell and a 
circumference of approximately 10-40 carbon atoms [12]. Double-walled and multi-
walled nanotubes (DWNT and MWNT, respectively) consist of two or more shells 
around their core. The concentratic shells of the MWNT are shown in Figure 2.3. 
Depending on the shell count (the number of graphitic layers that comprise the 
nanotubes) and chiral vector (the orientation at which the graphitic sheet is wrapped) 
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nanotube diameters range from less than 1 nm (found in SWNT) to over 100 nm. 
Finally, nanotubes possess high aspect ratio – the ratio of their length to diameter. 
Given their nanometer scale diameter and lengths within and exceeding the micron 
range, nanotubes may easily possess aspect ratios on the order of 104. In fact, nanotube 
lengths have been reported as high as 4 cm long [13], and centimeter-scale lengths 
have been reported in recent years [30]. Such dimensions contribute to an 
exceptionally high aspect ratio, which may enhance the performance of nanotubes, in 
both a mechanical and electrical reinforcement role. Finally, nanotubes are also 
capable of chemical functionalization. Depending on their diameter, nanotubes may 
possess specific surface area up to 1300 m2/g [29], which may aid in high 
concentration functionalization, leading to improved dispersion. 
Nanotubes owe their superior mechanical and electrical properties to their unique 
chemical structure. The unique advantages discuss above prove that nanotubes are 
ideal candidates for the reinforcement of a wide range of polymeric systems. Because 
of this, nanotubes have undergone extensive research in the fields of conductive 
composites as well as electronics components and conductive coatings. 
 
2.3 Mechanical Properties 
The mechanical properties of nanotubes are anisotropic; nanotubes generally 
exhibit higher properties along their axis. Due largely to the strength of the carbon-
carbon bonds of their graphitic structure, individual carbon nanotubes are theorized to  
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Figure 2.1: First report of nanotubes took place decades before Iijima, and show TEM imaging of 
high aspect ratio hollow cylindrical tubes (20,000x) [2] 
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Figure 2.2: Sheets of graphene may be rolled seamlessly to produce carbon nanotubes    [21] 
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 have exceptional mechanical properties [ 5 , 7 , 10 , 24 , 25]. Such properties include 
Young’s modulus and tensile strength. 
2.3.1 Elastic Properties 
Nanotubes pose excellent candidates for the reinforcement of polymer composites 
due to their inherent ability to sustain heavy deformation. For example, the Young’s 
modulus of an individual SWNT has been measured in the TPa range up to 4 TPa [5 , 
6 , 8]. Calculations for the Young’s modulus of MWNT are reportedly lower than 
SWNT and have been measured at approximately 810 GPa; reports on individual 
MWNT also indicate little influence of diameter on the modulus [7]. Ropes made with 
nanotubes, however do indicate the influence of tube diameter on overall Young’s 
modulus [37]. The Young’s modulus of bulk nanotubes is lower than that of individual 
tubes, as mechanical strength is lost due to disconnection of nanotube ends. In 
addition, nanotubes also possess high strength. SWNTs have exhibited an elongation 
of almost 20 % before breaking [76]. Reports of the tensile strength of carbon 
nanotubes range from 2 – 150 GPa in the axial direction [10 , 26 , 27 , 31]. 
Despite the excellent mechanical properties of individual nanotubes, the ability of 
bulk nanotube powders to enhance the mechanical properties of polymer composites is 
limited. Their tendency to agglomerate – due to high van der Waals interactions 
between tubes – coupled with their stable chemical structure causes precipitation from 
solution or suspension. In addition, chemical and physical interactions between pure 
nanotubes and monomers do not form readily, hindering their load transfer 
capabilities. For example, while individual nanotubes have exceptional Young’s 
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modulus, their integration into polymers has yielded little reproducible improvement. 
Attempts to functionalize them have improved dispersion, but functionalization 
procedures often cause deterioration to the nanotube. Presently, there is little industrial 
use for nanotubes as a mechanically reinforcing filler for polymer systems due to these 
limitations. Therefore, the future of nanotubes as an effective tool of mechanical 
reinforcement lies in improved composite manufacturing methods in order to transfer 
the stress transfer from the polymer phase to the nanotubes.  
2.4 Electrical Properties 
Due to their graphitic bonding structure, carbon nanotubes may take on similar 
electrical properties as graphene. Table 2.1 describes the electrical properties of 
nanotubes compared to traditional copper. Nanotubes have demonstrated a higher 
current density than that of copper, and possess electrical conductivity on the order of 
103 (Ω-cm)-1 [35]. Nanotubes may be metallic, semi-metallic, or semi-conductive, and 
their conductivity is dependent upon the chirality – or angle of bonding – of the 
graphitic structure. The percent chirality of the tubes is in turn dictated by the 
production method. In general, approximately 30% of nanotubes are conductive; 
percentage of conductive nanotubes also varies by the method of production. 
Nanotubes may also be semi-conducting or semi-metallic and make up the remainder 
of nanotubes produced.  
Nanotubes take on differing electrical affinity – metallic, semi-metallic, or semi-
conducting – depending on their atomic orientation. The defining factor is the chiral  
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   ( a ) 
( b ) 
 
Figure 2.3: a) Single-walled (SWNT) and multi-walled (MWNT) consist of atomic sheet(s) of graphite 
rolled into long, hollow tubes. SWNT consist of one graphitic shell, while MWNT consist of many 
concentric shells, separated by a distance of 0.34 nm. Illustration by Alain Rochefort b) conductivity of 
nanotubes depends on their chirality and may be of an “armchair” (conducting, left), “zig-zag” (semi-
conducting, right), or varied chirality. Illustration by E. Thostensen 
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vector, or the orientation of the helical structure, as shown in Figure 2.3. The 
“armchair” nanotube chirality exhibits electrical conductivity, while the “zig-zag” 
chirality is semi-conductive [77]. All other chiralities may be considered semi-
metallic. Presently, there are no known methods of producing nanotubes of a select 
electrical affinity. However, methods have been reported which separate conductive 
nanotubes from bulk powders [38]. Such methods utilize surfactants and high speed 
centrifugation to separate nanotubes according to differences in diameter – which 
often indicate differing chirality – to separate tubes. Currently, single-walled 
nanotubes may be differentiated according to chirality with up to 99.99% chiral purity. 
Nanotubes have been theorized to possess excellent electrical conductivity. 
Experimental reports have measured values from 103 - 107 (Ω-cm)-1 [35 , 36]. The 
degree of conductivity is influenced by the extent of structural integrity. Many 
processes may deteriorate the nanotubes structure and may be a result of harsh 
purification processes, mechanical deformation commonly used to create nanotubes of 
uniform length [15 , 81], or attempts to chemically modify or functionalize the surface 
of the tube to promote uniform dispersion in media.  
2.5 Raman Spectroscopic Characterization 
The structure and electronic properties of nanotubes vary greatly depending on the 
method of production, number of shells, impurities or amorphous carbon present, and 
the chirality. Nanotubes also vary in their electronic affinity (metallic vs. semi-
conductive). Variance in parameters such as those listed above affect the bonding  
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Table 2.1: Comparison of the conductive properties of carbon nanotubes with those of the most 
commonly manufactured electrical conductor. The full or partial replacement of copper with nanotubes 
may see significant weight reductions due to density difference between the two materials. In addition, 
comparable conductivity and superior current density may further the use of carbon nanotubes are 
conductive contacts and fillers. 
 
 
 
Copper Carbon Nanotubes 
(MWNT) 
Density  (g/cm3) 8.94 1.4 – 2.4 
Electrical Conductivity 
(S/cm) 
~106 ~103 
Current Density 
(A/cm2) 
4-5x103               4x109    [92] 
Cost ($/kg) 
(May 2011) 
$6 $100 
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structure. The physical and electronic structure of nanotubes may therefore be 
characterized by Raman spectroscopy – a characterization process which provides 
information on particle dimensions and structural integrity. When Raman scattering 
takes place, a photon is absorbed by a valence electron. The electron is “scattered” by 
giving off or taking up a phonon (defined as Stokes and Anti-Stokes, respectively) at a 
certain frequency. Phonon frequencies are then plotted to give a characteristic Raman 
spectra, such as those shown in Figures 2.4 and 2.5.  
Characteristic Raman spectra of sp2 and sp3 hybridized carbon materials include 
two bands which vary in intensity and spectroscopically present relative to each other. 
Pure diamond yields a spectra consisting of a single band, and D band, in the range of 
1300 – 1400 cm-1, as shown in Figure 2.4 (a). A pure graphite specimen yields a 
vibrational graphitic, or G, band at an approximate frequency of 1580 cm-1, as shown 
in Figure 2.4 (b). This is a first-order band, wherein one phonon is emitted upon 
excitation, and is exhibited by carbon materials of a graphitic, or sp2 hybridization. 
When Raman is performed on carbon nanotubes, both bands are generally seen. The 
relative heights of these bands denote the structural integrity of the nanotube sample. 
One feature of the nanotube spectrum – the radial breathing mode, or RBM – is seen 
solely in nanotubes and by far the strongest in SWNT. Raman spectra for typical 
SWNT are were obtained and are shown in Figure 2.5 (b). In MWNT, the G and D 
peaks are by far the most prominent, but in SWNT, the RBM is observed. In general, 
the RBM lies in the range 100-500 cm-1 [11] and provides information about the 
tube’s diameter from the carbon atoms’ movement in the radial direction. 
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  (a) 
            (b) 
Figure 2.4: Raman spectra of diamond [16] (a) and graphite [17] (b) show oppositely intensified D 
and G bands. Opposite of diamond spectra, the spectra of pure graphite shows high intensity of 
the G band with very low deviation to a disordered or diamond-like state. 
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(a) 
        (b) 
Figure 2.5: Characteristic Raman spectra show classic disorder (D) and graphitic (G) bands 
which indicate the relative extent of deformation from the pristine sp3-hybridized structure. 
Spectra of MWNT (a) and SWNT (b). Present in both is a prominent G band at 1580 cm-1, and a 
weaker D band at 1340 cm-1. Because SWNT generally contain a more pristine graphitic 
structure, a radial breathing mode (RBM) can be detected below 500 cm-1. 
 
RBM 
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Opposite the prominent G band seen in pristine graphitic materials, a deteriorated 
graphitic structure presents with the sp3 hybridization. This is a tetragonal, diamond-
like bonding structure and yields a D band at approximately 1350 cm-1
.
 In the case of 
materials such as carbon nanotubes, this band, normally exhibited as the sp2 
hybridized structure forms the sp3 structure when the planar graphitic structure breaks 
down. Such occurrence may be a result of structural damage of the nanotube upon 
mechanical, chemical or irradiative stress. In general, for graphitic carbon materials, 
structural integrity varies inversely with deterioration, as exhibited by a decrease in the 
G band height and increase in the D band height.  
2.6 Modification and Functionalization of Nanotubes 
 While carbon nanotubes exhibit superior mechanical and electrical properties, their 
utilization in composites is limited by their inability to disperse into water, solvents 
and monomers. Their highly stable chemical structure renders them insoluble and 
difficult to disperse, prohibiting their load transfer capabilities. Failure to assume 
external stresses results in material failure despite high loading concentrations. 
Therefore, several types of chemical and mechanical methods have been implemented 
to modify the surface of the nanotube, either to take on chemical groups capable of 
further reaction or to form temporary physical, or ionic, interactions with various 
media to disperse them. Grafting of chemical groups to the surface of the nanotubes – 
known as functionalization – may improve dispersion by promoting physical or 
chemical interactions between these groups with media. However, grafting requires 
chemical or physical means to disrupt the graphitic bonding structure, which often 
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deteriorates the nanotube structure (Figure 2.6). This deterioration leads to diminished 
physical and electronic properties of the nanotube. Impermanent methods require less 
destructive means, often employing a surfactant to impart a temporary charge to the 
nanotube for dispersion into solvents, monomers, or polymer solutions; however, 
modification using these methods often leads to difficulty in forming physical or 
chemical interactions between nanotubes and their media. The investigation of 
modified and/or functionalized carbon nanotubes as a mechanical reinforcement and a 
conductive enhancement for polymer composites is discussed herein. 
2.6.1 Acid Treatment 
 Chemical modification/functionalization of carbon nanotubes, in its most basic 
form, is the modification of the graphitic bonding structure to accommodate grafted 
chemical groups capable of altering the nanotube’s affinity or dispersion in various 
media. One of the most common functionalization methods is also used widely as a 
primary step in what can be a complex functionalization. The common acid 
functionalization procedure consists of concentrated sulfuric (H2SO4) and nitric 
(HNO3) acids held at or above room temperature. Pure nanotubes are added to the 
concentrated acid mixture and refluxed. As a result of this method, carboxyl (-COOH) 
and hydroxyl (-OH) groups are grafted to the nanotube surface. Nanotubes processed 
using this method have been reported to disperse more readily in water and organic 
solvents [18 , 20].  
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Figure 2.6: The role of nanotubes as a mechanically reinforcing filler is strongly influenced by the 
structural integrity of the nanotube. Higher extent of structural deformation reduces the 
mechanical properties of the tube, thus hindering the ability to provide improved properties. 
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2.6.2 Mechanically-Induced Functionalization 
 Nanotubes may also be functionalized using mechanical means to break the 
structure, yielding chemical groups at modification sites. Ultrasonication is a common 
method used to functionalize nanotubes because the process breaks the graphitic 
structure, creating the modification sites for further functionalization [90]. In the 
process, an ultrasonic horn is inserted into a suspension containing nanotubes and a 
solvent or other fluid. Sonic waves are then cast from the horn through the solution, 
thereby disrupting the nanotubes’ graphitic bonding structure. Depending on the 
solvent or other medium, modified sites may take up these molecules as grafted 
groups.  
While ultrasonication is reportedly an effective method for promoting the 
dispersion of nanotube powders, the process itself is highly damaging to nanotubes 
[91]. Ultra-sonication not only destroys the outer shells of nanotubes and disrupts the 
remaining helical structure, but the process has also been reported to induce buckling 
of tubes. This destruction reduces aspect ratio, mechanical performance, and electrical 
conductivity. 
In addition to ultrasonication, nanotubes may also become mechanically 
functionalized by macroscopic physical methods such as ball-milling. During the ball-
milling process, nanotubes are physically modified through tumbling with metallic or 
composite spheres [22]. This results in ruptured bonds, created modification sites. 
These sites are them grafted with functional atmospheric groups. It has been reported 
that the tumbling process imparts deterioration to the nanotubes as well as reduced 
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length, as shown in Figure 2.7. Further functionalization has been performed by using 
this method within a gaseous atmosphere. Reports by Konya, et al, [81] describe the 
use of ball-milling in ammonia atmosphere to graft amine groups to the nanotube. In 
the study, MWNTs underwent the process to yield amine and amine-derived 
functional groups. Atomic concentration of functionalized groups was approximately 
0.6 %, as determined by XPS (Nanocyl, S.A.). Raman characterization has been 
performed by us on as-received functionalized nanotubes, as shown in Figure 2.8 
While functionalization has been achieved, the ball-milling process imparts significant 
damage to the nanotube’s structure, and the altered mechanical and electrical 
properties of the functionalized nanotube must be considered. Reasons for this include 
the decrease in electrical and/or mechanical properties as a result of creating 
functionalized sites. 
2.6.3 Non-covalent Dispersive Treatments 
Nanotubes may also be modified using non-chemical means such as polymer 
wrapping and use of surfactants [78 , 82]. Polymer wrapping involves the dispersion 
of nanotubes in polymer solutions wherein polymeric chains preferentially enclose the 
nanotube. It is theorized that the presence of certain types of aqueous polymer 
solutions favors contact with nanotubes because the polymer chains interfere with the 
nanotube-water repulsive interactions. Because of this and the separation of nanotubes 
accomplished by the process, wrapping of the nanotubes with polymer chains is 
thermodynamically preferred.  
 
39 
 
 
 
 
           
 
 
Figure 2.7: Raman spectra of ball-milled nanotubes in air atmosphere [22] show the structural 
damage to nanotubes caused by mechanical techniques. 
 
 
40 
 
 
 
 
 
Figure 2.8: Raman spectroscopy was performed of NH2-MWNT, produced by ball-milling in 
vaporous ammonia atmosphere. Characteristic D and G bands show evidence of deterioration 
consistent with ball-milling treatment. 
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Similar to polymer wrapping, surfactant-assisted dispersion employs the use of 
surfactants that form physical interactions with the nanotubes with the purposes of 
dispersion and separation of tubes [82 , 83]. In addition to aiding dispersion, 
surfactants may also be cationic or anionic in nature; these surfactants provide a 
temporary charge to nanotubes which may improve dispersion.  
2.7 Mechanical Reinforcement of Composites – Literature Study 
Due to their excellent mechanical and electrical properties, nanotubes may be used 
as a reinforcing filler for bulk materials. Their dispersion in such media has the 
potential to improve not only the elastic properties and strength of composites, but the 
bulk electrical conductivity as well. In order for the superior properties of nanotubes to 
be utilized in composites, the following obstacles must be overcome: (1) large van der 
Waals interactions, which cause nanotubes to agglomerate easily, hinder their uniform 
dispersion into media, and (2) high chemical stability of the sp2-hybridized structure 
adversely affects their ability to assume external stresses. 
2.7.1 Reports of Mechanical Reinforcement – Young’s Modulus (See also Appendix 
A) 
The first reported tensile testing of nanotube-reinforced epoxy systems was 
published by Schadler, et al [39]. In their study, MWNT were added to DGEBA-
triethylenetetramine systems at 5 wt% loading. The recorded Young’s modulus of the 
neat epoxy system was 3.1 GPa, while that of the composite was 3.7 GPa. The 
addition of MWNT, therefore, resulted in a 20% increase in modulus.  
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Other studies were conducted on nanotube-epoxy composites using bisphenol-A-
based epoxy cured with triethylenetetramine [41 – 43]. In 2002, Allaoui, et al [41] 
fabricated rubbery MWNT-epoxy composites using over-aged hardener. Composites 
were made using a 15:2 ratio of bisphenol A-epichlorohydrin (also DGEBA) with 
triethylenetriamine. The Young’s modulus achieved for the neat epoxy system was 
0.118 GPa. When MWNT were added at 1 wt% and 4 wt%, respective moduli 
increased to 0.236 and 0.465. In a later publication [42], pure MWNT were dispersed 
into the same epoxy system – with pristine amine hardener. The modulus of the neat 
system, 1.2 GPa, increased to 2.3 and 2.4 GPa for MWNT concentrations of 0.5 wt% 
and 1 wt%, respectively. A loading of 1 wt% doubled the modulus of the epoxy 
system. A further study by Ci and Bai [43] investigated the effect of differing matrix 
stiffness on the mechanical properties of the system. Monomers were combined in 
varying ratios to create “soft” (ductile) and “hard” (stiff) matrices. Soft matrices 
contained 9 wt% hardener, while hard matrices contain 12 wt% and 13 wt% hardener. 
The recommended hardener concentration (as listed by the manufacturer) is 10.7 wt%. 
MWNT were added at 0.5 wt% concentration. Soft matrices exhibited a substantial 
improvement in Young’s modulus, from 0.15 GPa for neat systems to 0.44 GPa for 
composite systems. Neat systems with 12% hardener (1.63 GPa) increased to 2.0 GPa 
in composite systems. Finally, when 13% hardener was added, the neat system had a 
modulus of 2.45 GPa, while the composite’s modulus was 2.44 GPa. It should be 
noted that the reported Young’s Moduli of epoxy systems reported in these and other 
reviewed papers are abnormally low for an epoxy system, suggesting that the chemical 
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reactions which occur to create the epoxy-amine matrix, as well as the necessary cure 
conditions, were not well understood.  
J.-M. Park, et al [44 , 45] also made and tested DGEBA-based systems with 
MWNT. Reporting a Young’s Modulus of neat epoxy of 1.55 GPa, the investigation 
described an increase of 24.1% upon the addition of 2.0 vol % MWNT. Again, the 
modulus of the neat system is lower than that of a fully-cured system. 
Xu, et al [46] used a shaft-loaded blister method to determine Young’s moduli of 
EPON SU-8 systems with MWNT. To prepare the composites, MWNTs were 
sonicated in chloroform; EPON SU-8 epoxy was then added, and the mixture was 
spin-coated onto a silicon wafer to create a thin film, then cationically cured with UV 
irradiation. Upon addition of 0.1 wt % MWNTs, the modulus of the system, 4.2 GPa, 
increased to 5.0 GPa, resulting in a 19% increase.  
Li, et al [47] reported an increase in the Young’s modulus in epoxy composites 
containing 0.24 wt % MWNT, from 1.4 MPa of the neat system to 1.9 MPa of the 
composite. They also investigated the tensile properties of composites with added 
block co-polymer, Disperbyk-2150. Neat epoxy systems with co-polymer exhibited a 
modulus of 1.1 MPa, while their respective composites achieved a modulus of 
2.1MPa. 
SWNT-epoxy systems were investigated by Laborde-Lahoz, et al [49], and de 
Villoria, et al [48]. Both investigations used SWNT to reinforce systems made of 
Epoxiber-20 – a DGEBA-based resin – and a hardener – a combination of 
polyethylene polyamine, and triethylenetetramine. The former study [49] reported a 
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Young’s modulus of 2.875 GPa for the neat epoxy system and 2.910 for the composite 
at 0.1 wt % loading. However, the moduli of neat systems, reported by de Villoria, 
were considerably lower. In their study, two types of curing cycles, A and B, were 
employed:  A) cure at room temperature for 24 hr and post-cure at 60 ºC for 4 hr, and 
B) cure at room temperature for 48 hr and post-cure at 60 ºC for 24 hr. Systems made 
by cure cycle A exhibited a modulus of only 2.473 GPa, resulting in a 14% decrease 
from the former study. Young’s moduli of systems made by cure cycle B, however, 
were equal to that of the former study. The Young’s modulus of de Villoria’s neat 
system with cure cycle B showed a 16% improvement over cure cycle A (2.875 GPa 
and 2.473 GPa, respectively).  Upon the addition of SWNT, composites of cure cycle 
A (2.875 GPa) showed a 16% improvement over the neat epoxy, and composites of 
cure cycle B (2.910 GPa) showed a 1% improvement.  
Y.-W. Chang, et al [68] synthesized nanotube-reinforced epoxy systems with 
nanotubes of varying diameters. MWNTs of small diameters (<20 nm) and large 
diameters (40 - 60 nm) in concentrations up to 5 wt% were used. The modulus of the 
neat epoxy system was 2.83 GPa. Composites at maximum nanotube loading made 
with short MWNT showed a 61% improvement in Young’s modulus, while those 
made with long MWNT showed 54%. The same epoxy/amine system was synthesized 
by Yeh, et al [50] in 2007. Employing a different curing cycle from the previous 
study, MWNT were added to epoxy-amine matrix. They reported cure conditions of 
80 min at 60 ºC, followed by hot pressing at 80 ºC and 1.03 MPa for 2 h. The reported 
modulus of the neat epoxy system, 1.9 GPa, increased by 24% and 53% for nanotube 
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concentrations of 1 and 5 wt%, respectively. The highest achieved Young’s Modulus 
of 2.9 GPa was achieved at 5 wt%  MWNT.   
Componeschi, et al [51] investigated the influence of alignment of nanotubes by 
magnetic field on the properties of SWNT and MWNT composites made with two 
types of epoxy. The first was Aeropoxy, containing bisphenol A and a multi-
functional acrylate (company refuses to release chemical information). The second 
was Caldofix, a mixture containing DGEBA and DGEBF. A magnetic field of 15 
Tesla was applied to neat systems and composites were loaded with nanotubes at 3 wt 
%. Neat Aeropoxy and Caldofix systems achieved Young’s moduli of 3.964 GPa and 
1.925 GPa, respectively. SWNT-composites made with each respective epoxy 
exhibited decreased moduli of 42 % and 43 %. MWNT-composites made with 
Aeropoxy also showed a decrease 67 %, while those made with Caldofix showed an 
increase of 2 %. Further studies showed increased modulus of NT-Aeropoxy 
composites with increasing magnetic field and decreased modulus of NT-Caldofix 
composites. 
Breton, et al [52] synthesized MWNT-epoxy composites using MWNTs grown in 
two ways. One type of MWNT was grown by catalytic decomposition of acetylene in 
CoxMg(1-x)O solution (Type I), and another was grown on a catalyst made of Co/NaY 
(Type II). MWNTs were dispersed in CIBA-GEIGY LY 5052 (butanediol 
diglycidylether) epoxy resin with HY 5052 (4,4-diamino-3,3-
dimethyldicyclohexylmethane) amine hardener at a concentration of 6 wt %. The 
Young’s Modulus of the neat epoxy system was missing from the paper, but a 
reference to the author’s past publication reported the Young’s modulus as 3.1 GPa. 
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At 3 wt% MWNT loading, composites of Type I and Type II MWNT were 3.66 and 
3.85 GPA, respectively. At 3 wt%, the modulus for Type I MWNT decreased slightly 
to 3.63 GPa, while that of Type II MWNT increases to 4.13 GPa. 
Zhu, et al [54] used molecular dynamics simulations to study the tensile behavior 
of epoxy composites reinforced with SWNTs. Simulations modeled the stress-strain 
relationship – in the axial direction only – of epoxy systems with SWNTs in short 
(29.32 Å) and long (61.09 Å) lengths. Cell sizes for each simulation contained one 
SWNT surrounded by DGEBA (EPON862). Young’s modulus of each cell was 
modeled, and moduli were calculated for increasing levels of strain. At minimal strain, 
Young’s moduli of the neat and short NT- and long NT-reinforced systems are 8.4, 
11.6, and 104 GPa, respectively.  
Many publications report the utilization of various modification and/or 
functionalization techniques as a means to reduce nanotube agglomerates and promote 
dispersion. Breton, et al. [55], loaded epoxy systems with 6 wt% MWNT of various 
production types and surface modifications. The Young’s modulus of neat epoxy 
systems, 3.1 GPa, exhibited an increase to 3.6 GPa upon the addition of pure MWNT, 
while the addition of ball-milled MWNT in air environment effected a decrease to 2.9 
GPa. Composites containing oxidized MWNT – obtained via chemical reaction with 
NaClO – reached 4.1 GPa.  (In this paper, the authors also compare plasma-treated 
MWNT in composites to unreinforced systems. However, the Young’s modulus 
obtained for the unreinforced epoxy system – the same system used pure MWNT is 
listed as 4.1, rather than 3.1 (They should be equal.). 
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Bai and Allaoui [41 , 42 , 56] reported the effect of average nanotube length and 
aggregate size on the mechanical properties of their composites. MWNTs were 
subjected to one of three treatments designed to reduce agglomeration. MWNTs that 
underwent Treatment A were stirred with methanol, resulting in a reduction of 
aggregate size with no effect on nanotube length. Under treatment B, MWNTs passed 
through a sieve (1 mm) and were stirred with methanol. Aggregate size, as well as 
nanotube length, was reduced by this treatment. Under treatment C, pressure was used 
to force MWNTs through a sieve (0.5 mm). Aggregate size dropped to the micron 
range, and average length dropped to 1 µm. MWNTs were added to the DGEBA-
based system in concentrations ranging from 0.5 to 4 wt%.  At maximum nanotube 
loading, the Young’s modulus of the epoxy system (1.3 GPa) increased to 2.6 GPa, 
2.8 GPa, and 2.8 GPa for Treatments A, B, and C, respectively. 
In a publication by Zhu, et al. [57], SWNTs were acid-treated with H2SO4/HNO3 
then fluorinated to yield fluorine sidewall groups and carboxylic end groups. 
Composites containing pure and fluorinated SWNT show respective Young’s moduli 
of 2.123 GPa and 2.632 GPa, respectively, resulting in increases of approximately 5% 
and 30% over the neat epoxy system (2.026 GPa). However, Raman spectra of 
fluorinated SWNT show extensive deterioration, and characteristic nanotube bands (D 
and G bands at 1310 and 1580 cm-1, respectively) are barely recognizable. However, 
ATR and FTIR spectra show the capability of fluorinated SWNT to also react with 
amine groups. 
Commercially functionalized nanotubes were used by Gojny, et al. [58], to achieve 
improved dispersion into epoxy. In their study, 0.1 wt% DWNT and NH2-DWNT 
48 
 
were dispersed into a DGEBA-based epoxy-amine system via a calendaring process. 
Amine-functionalized nanotubes were supplied by Nanocyl, S.A. (Namur, Belgium), 
and were synthesized via ball-milling in ammonia atmosphere. The Young’s modulus 
of the neat epoxy system, 3.29 GPa, was improved with the addition of DWNT and 
NH2-DWNT to achieve moduli of 3.35 GPa and 3.5 GPa, respectively.  The addition 
of 1 wt% NH2-DWNT also yielded a modulus of 3.5 GPa, equal to composites made 
with one-tenth the concentration. The data clearly show that amine-treated nanotubes 
provide up to 6.4% improvement over neat epoxy systems and 4.5% over systems 
made with untreated nanotubes. In a later study by Gojny, et al [59] the same epoxy 
systems were reinforced with SWNT, DWNT, NH2-DWNT, MWNT, and NH2-
MWNT to achieve moduli listed in Table 2.2 below. 
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Table 2.2: Results of tensile testing by Gojny, et al., illustrating an improvement of Young's 
modulus upon the addition of carbon nanotubes 
 
  
Wt % 
 
E (GPa) 
 
% Change 
Epoxy (neat)  2.599  
SWNT 0.05 2.681 3.155 
SWNT 0.1 2.691 3.540 
SWNT 0.3 2.812 8.195 
DWNT 0.1 2.785 7.157 
DWNT 0.3 2.885 11.004 
DWNT 0.5 2.79 7.349 
NH2-DWNT 0.1 2.61 0.423 
NH2-DWNT 0.3 2.944 13.274 
NH2-DWNT 0.5 2.978 14.583 
MWNT 0.1 2.78 6.964 
MWNT 0.3 2.765 6.387 
MWNT 0.5 2.609 0.385 
NH2-MWNT 0.1 2.884 10.966 
NH2-MWNT 0.3 2.819 8.465 
NH2-MWNT 0.5 2.82 8.503 
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Amine-functionalization was also investigated by Yuen, et al. [53], in their 
comparison of epoxy systems with and without functionalized nanotubes.  Upon 
addition of pure MWNT to a DGEBA epoxy resin and 4,4’-diaminodiphenyl sulfone 
(DDS) amine hardener, an initial increase in Young’s modulus was followed by a 
decrease at maximum nanotube loading. The modulus of the epoxy system, 1.40 GPa, 
increased to 1.47 GPa for MWNT loading of 0.5 wt%, but decreased to 1.03 GPa at 
the maximum loading of 0.99 wt%. Functionalization of MWNT with amine groups 
was performed by first coating MWNT with TiO2, then reacting with (3-
aminopropyl)triethoxysilane (both accomplished by a sol-gel process and explained in 
paper). TiO2-MWNT composites reached a maximum Young’s modulus of 
approximately 2.3 GPa at 0.75 wt%, then dropped to 1.8 GPa at 0.99 wt%.  It should 
be noted that this particular epoxy-amine system has a known Young’s modulus well 
above 2.0 [93].  
Choi, et al [61] reinforced bisphenol A- triethylenetriamine systems with cup-
stacked nanotubes at loading concentrations ranging from 5 – 20 wt%.  Nanotubes 
underwent ozone treatment by adding nanotubes to O2 in an ozone generator. Surface 
oxygen concentration was measured by XPS. Nanotubes were then sonicated in 
acetone to aid in dispersion into epoxy. After evaporation of acetone, amine was 
added. The matrix was vacuum-cured (at unknown temperature) for 10 min. Before 
complete cure, the matrix was compressed at room temperature. The system was 
finally post-cured at 120 ºC for 3 h. The Young’s modulus of the neat epoxy system 
was measured at 5.3 GPa. The maximum moduli for treated and untreated nanotubes - 
achieved at a loading concentration of 5 wt% - were 8.5 and 7.8 GPa, respectively. At 
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maximum loading, the respectively moduli were 6.6 and 6.5 GPa. It must be noted that 
the reported modulus of the neat system is abnormally high for this type of system and 
may not accurately reflect the true mechanical properties of the system or nanotube-
reinforced composite. 
Liu and Wagner [62] documented their tensile testing of epoxy composites 
containing 1 wt % pure and amine-functionalized MWNT. Functionalization involved 
two steps. In the first, MWNT were sonicated in HNO3/H2SO4 to graft COOH groups 
to the surface; acyl-chloride groups were grafted onto COOH groups through stirring 
with thionyl chloride. Composites were prepared by adding EPON828® to a mixture 
of nanotubes and chloroform, then finally adding Jeffamine D-2000® amine hardener. 
The epoxy-amine ratio was 1:3 by weight. Tensile testing was documented, but 
Young’s moduli values were not published.  
Kim, et al. [63], reported changes in Young’s moduli of epoxy composites loaded 
with 1 wt% MWNT of various functionalities: pure and acid-treated (non-
functionalized, amine-functionalized, and plasma-treated). MWNT were subjected to 
acid treatment, undergoing stirring in a 3:1 mixture of H2SO4/HNO3 at 100 ºC for 30 
min as a means to further purify the nanotubes. These nanotubes then underwent 
various modification processes to graft functional groups. Amine-treatment of MWNT 
involved the addition of octadecylamine (ODA) at 120 ºC for 5 days. Plasma 
treatment consisted of a one-minute irradiation with Ar plasma with 1% O2, with 200 
W power and a flow rate of 5 L/min. DGEBA resin and aromatic amine hardener 
(both supplied by Kukdo Chemical) were combined with each type of nanotube. The 
neat epoxy system and pure MWNT-composite exhibited Young’s moduli of 1.21 GPa 
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and 1.38 GPa, respectively, achieving a 14 % increase. Composites made with acid-
treated, amine-treated, and plasma-treated MWNT increased in modulus by 0.8 %, 
1.65 %, and 33 %, respectively. Acid- and amine-treated MWNT provided very little 
mechanical improvement, while pure and plasma-treated MWNT achieved 
considerable reinforcement. It must be noted that the reported Young’s moduli of the 
neat epoxy system is abnormally low.  
Wang, et al. [64], grafted amine groups onto SWNT via a two-step diazotization 
process. First, SWNT were dispersed in dimethylformamide DMF through ultra-
sonication. EPI-W amine hardener and isoamyl nitrite were added, and an intermediate 
diazonium salt formed. The salt immediately converts to a carbocation, and attaches to 
the nanotube surface. Characterization by FTIR indicated the presence of amine 
groups grafted to nanotubes. The Young’s modulus of the neat DGEBA-EPI-W 
system was measured at 2.44 GPa, while the moduli of composites containing pure 
and functionalized SWNT were 2.52 and 3.04 GPa, respectively. Overall, the modulus 
was increased by 3.2 % and 24.6 % by addition of the respective nanotubes. 
Guo, et al. [67], also used ultrasonication as a means of dispersing MWNT (treated 
with acid to remove impurities and catalyst particles) into a DGEBA system. DGEBA 
was cured with 2-ethylic-4-methyl imidazole (EMMZ) and cured for 4 hr at 120 ºC. At 
MWNT loading concentrations up to 8 wt %, the Young’s modulus showed a 
consistent decrease, from 1.06 GPa for neat systems to 0.730 GPa at maximum 
loading. The authors attribute the decrease in modulus to the deterioration of the 
MWNT caused by purification of nanotubes. 
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2.7.2 Literature Evaluation 
Despite extensive experimentation and the reported influence of nanotubes on the 
tensile properties of epoxy systems, there is little consistency in reports. Many 
publications which report the modulus of similar epoxy systems containing the same 
concentration and type of nanotubes report different moduli, both in the neat system 
and its nanotube-reinforced composite. In addition, it is apparent that there is little 
understanding of these epoxy systems in terms of monomer stoichiometry and cure 
conditions. 
 The largest observation in the evaluated publication is the reported Young’s 
moduli of the neat systems. While the nanotube fillers in the above mentioned systems 
are highly controlled, it is clear that the chemistry of the epoxy and amine are not well 
understood. For example, many reports have measured dramatic increases in the 
composite Young’s modulus upon the addition of nanotubes, but fail to report that the 
modulus of the neat system varies drastically from the widely documented moduli 
reported – sometimes as much as an order of magnitude. As described in the literature 
evaluation, the epoxy-based thermoset systems which exhibited substantial 
enhancement of Young’s modulus non-coincidentally exhibited abnormally low 
moduli in the neat systems. Therefore, systems with poor mechanical performance – 
which are not used in the industrial setting for structural applications – are 
significantly improved by the addition of nanotubes. To the contrary, epoxy systems 
with moduli suitable for a structural application do not exhibit significant 
improvement upon nanotube addition. 
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In addition, many reports have shown an inherent misunderstanding of the curing 
process of these epoxy systems. In epoxy-amine thermoset systems, it is important to 
maintain proper stoichiometric ratio between monomers. Deviations from 
stoichiometry can have a drastic effect on the kinetic behavior as well as physical 
properties – including Young’s modulus. It is clear that many of these systems do not 
demonstrate stoichiometric ratio of the monomers, as shown by moduli that are far 
lower than widely known values. This literature report therefore must consider the 
nature of each reported system to determine the quality of cure. In addition, the 
literature has proven the need to maintain stoichiometry and adequate cure conditions 
in the nanotube-reinforced epoxy systems. 
2.8 Bulk Resistivity Improvement 
In regard to the development of nanotube-reinforced composites with improved 
mechanical and electrical properties, a balance between electrical conductivity and 
uniformity of dispersion – often achieved by degradative functionalization to 
covalently attach chemical groups – must be achieved. Functionalization of nanotubes 
must therefore be controlled in order to produce adequate functionalization with 
minimal damage to the tubes. 
2.8.1 Nanotube Percolation Threshold 
When using nanotubes as a conductive filler, a percolation of tubes across the 
contacts is necessary in order to achieve electromigration. There lies concentration at 
which nanotubes, or any conductive filler, percolate to allow for electromigration, 
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rendering electrical conductivity. This is termed the percolation threshold. As the 
concentration approaches the percolation threshold, the composite exhibits dramatic 
changes in electrical response with only slight changes in concentration. At the 
percolation threshold, small changes in both the concentration and behavior of the 
filler result in significant changes in conductivity.  
The electrical percolation of nanotubes through polymer systems is highly 
dependent upon the geometry of the filler. Rod- or fiber-shaped filler particles require 
a lower concentration to achieve percolation than sphere- or disc-shaped particles, due 
to the higher aspect ratio of the former. However, high aspect ratio particles may also 
be susceptible to surface defects which may impede conductivity of the particle. 
Specific to nanotube-reinforced polymeric composites, the conductive percolation of 
nanotubes is dependent upon factors such as length and aspect ratio, uniformity of 
dispersion, pristinity of the nanotube structure (influenced by production method, 
purification and/or functionalization techniques and quality of end caps), and nanotube 
chirality – the planar orientation of the hexagonal structure which determines whether 
the tube is metallic or semi-conductive. 
The electrical conductivity of nanotube-reinforced composites, at concentrations at 
or above the percolation threshold, follows the power scaling law given by equation 
2.1 [86]: 
[ ]tcϕϕσ −∝    ( 2.1 ) 
where σ is the composite conductivity, φ is the nanotube concentration, φc is the 
critical concentration of percolation, and t is the conductivity exponent based on the 
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dimensionality of the system. The exponent, t, is approximately 2.0 for a three-
dimensional system. Considering the conductivity of the filler, along with the 
dimensionality of the system, the relationship becomes: 
[ ]tcA ϕϕσ −=     ( 2.2 ) 
 
where A is the conductivity of the bulk filler. 
 Percolation threshold may be experimentally determined by the inflection of the 
conductivity vs. filler concentration relationship, as shown in Figure 1.1. As filler 
concentration increases, there becomes a range where slight changes in percolation 
cause dramatic change in conductivity. It is within this range that filler concentration 
is targeted. Specifically for the application of polymeric sensing substrates, examples 
of such slight changes to the behavior of the system include swelling of the substrate 
upon sorption of chemical contaminants. Swelling of a substrate – interspersed with 
nanotubes at percolation threshold – will be characterized by significant changes in 
electrical conductivity. Such behavior is takes place primarily on the surface of 
traditional thin film sensing substrates, such as the e-nose, developed by NASA [85]. 
Bulk resistance values in this work were calculated from determining the slope of 
voltage vs. current, described by equation 2.3: 
I
VR =     ( 2.3 ) 
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where R is bulk resistance across the sample thickness, V is applied voltage, and I is 
measured current. From bulk resistance values, sample conductivities were calculated 
based on the following equation of resistivity: 
L
AR
=ρ     ( 2.4 ) 
 
where ρ is sample resistivity, A is surface area, and L is sample thickness. Finally, 
conductivity values may be calculated by assessing the reciprocal equation of 
conductivity, given by equation 2.5: 
ρ
σ
1
=      ( 2.5 ) 
 
where σ is sample conductivity and is inversely proportional to resistivity. Concerning 
the development of neat and nanoporous carbon nanotube-reinforced epoxy networks, 
Percolation Theory will be presented to characterize the influence of nanotubes on 
bulk conductivity; it will also be used to predict conductive behavior in NT-epoxy 
networks. In addition, it will be used to determine the conductive behavior of networks 
upon swelling. 
Percolation theory suggests that, in the synthesis of composites will filler particles, 
there exists a concentration at which particles form a connection through the bulk of 
the material. For purposes of conductivity improvement of such composites by filler 
addition, percolation is achieved when an electron pathway is formed from filler 
particles. At this concentration – the percolation threshold – slight increase or decrease 
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in filler concentration causes significant change in conductivity. This model is an 
especially effective method of characterization for conductive nanotube-reinforced 
composites because it characterizes the combination of two conductively incompatible 
materials wherein the onset of conductive behavior can be observed easily upon 
passing of the percolation threshold. 
Percolation Theory predicts how randomly placed particles form clusters and 
networks above, at, and below critical concentrations. Such networks possess 
dimensions far beyond that of the individual particle, which may significantly affect 
the properties of the composite that a whole. Specifically for this work, the highly 
conductive, nanoscale dimensions of a carbon nanotube may be dispersed in an 
insulating epoxy medium at such a concentration as to create an electrically 
conductive pathway across the thickness of the material purely by the physical 
connections made by nanotubes. General percolation theory is used here, as well as its 
modification for systems such as ours.  
In the most general sense, particles are positioned randomly in a given area or 
volume. Initially, particles are highly dilute. However, as more particles are added, the 
particles form clusters, random on a larger scale. As more particles are added, these 
clusters grow. Eventually, smaller clusters will grow into larger ones, and clusters will 
begin to touch each other. At a point, where the amassed clusters form a contiguous 
network across a given dimension, the concentration of the particles has reached the 
percolation threshold. Concerning this work, where nanotubes are used as an electrical 
reinforcement, the percolation threshold has been reached when current can flow 
across a network of carbon nanotubes that span the bulk.  
59 
 
While analytical solutions exist for one- and two-dimensional systems, modeling 
on three-dimensional systems is experimental in nature and is highly dependent upon 
the properties of the particle. Nanotubes, when considered as a conductive filler, are 
highly interacting particles; van der Waals forces between tubes can cause 
agglomeration, leading to significantly altered percolation thresholds. While 
agglomeration limits their ability to span throughout an area or volume, requiring 
higher percolation threshold, agglomeration may also cause ‘chaining’ which 
effectively causes the agglomerate to have larger dimensions (such as length) than the 
individual particle. This phenomenon may lower the percolation threshold to some 
extent. In addition, the high chemical stability of carbon nanotubes makes them 
incompatible with most media without functionalization. Functionalization of the 
nanotube may bring improved dispersion as well as dispersion of larger quantities - 
but also more destruction to the nanotube surface or reduction in length. Both of these 
phenomena may adversely affect percolation threshold. For these reasons, it is 
necessary to experimentally determine the influence of nanotubes of varying 
dimensions and functionality on neat and nanoporous epoxy networks. 
Percolation threshold is determined in part by the geometry of the filler particles. 
Specific to rod-like particles such as carbon nanotubes, the aspect ratio – the 
relationship of the length and width of the filler particle – plays a major role in the 
filler’s reinforcement of the bulk material. Since the percolation threshold relates 
inversely to aspect ratio, filler particles of a long cylindrical or rod-like geometry 
would achieve the percolation threshold as considerably lower concentration. 
Regarding the synthesis of carbon nanotube-reinforced composites, nanotubes of 
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various dimensions (including aspect ratio) and structural integrity can affect the 
percolation threshold of the composite [14]. Due to their high aspect ratio, nanoscale 
dimensions, and inherent electrical conductivity, nanotubes are predicted to reach a 
percolation threshold at ultra-low concentrations.  
Previous studies to determine percolation threshold relied on the random 
dispersion as well as separation of nanotube bundles in order to reach percolation at 
low concentrations. A percolation threshold of 0.074 wt % was achieved by Kim, et al. 
[84], who synthesized nanotube-epoxy networks by using a vacuum pump to move the 
monomers through a mold. Such a method can result in alignment of nanotubes, thus 
contributing to a low percolation threshold. Sandler, et al. [40] reported a percolation 
threshold of 0.04 wt % in a similar system. 
Theoretical predictions of percolation threshold may determine the behavior of 
normally insulating materials upon loading of conductive filler. The theory of 
excluded volume has predicted boundaries of percolation when rod-like filler particles 
are used [87 , 94]. There exists a dilute concentration range in which filler particles do 
not interact. Within this range, theoretical predictions suggest an inverse relationship 
of the aspect ratio, as described in equation 2.6: 
l
d
c ∝ϕ     ( 2.6 ) 
where d is the nanotube diameter and l is the nanotube length. It has been determined 
that the percolation threshold is equal to the inverse of the excluded volume per 
particle. Rod-like filler particles such as nanotubes lead to equation 2.7: 
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l
d
c 2
=ϕ     ( 2.7 ) 
 This relationship may be considered an upper bound to percolation, as it does not 
account for interaction between tubes. Taking into account the occurrence of 
interactions between nanotubes – which occurs at high concentration – the percolation 
threshold is therefore related by the inverse of the square of the aspect ratio, as shown 
in equation 2.8: 
2
2
l
d
c ∝ϕ     ( 2.8 ) 
Computer simulations of this relationship have determined the lower boundary to 
abide by the following: 
2
2
2
3
l
d
c =ϕ     ( 2.9 )  
Given these boundaries, theoretical boundaries on the percolation threshold for the 
nanotube-reinforced system discussed here will be determined from equation 2.10, 
which defines the percolation threshold as the concentration within the dilute and 
saturated boundaries: 
l
d
l
d
c 22
3
2
2
≤≤ ϕ               ( 2.10 ) 
The boundaries defined by the above equation serve as the theoretical limitations of 
percolation for reinforced systems such as ours. Calculations of the upper and lower 
boundaries in the system discussed here are summarized in (Section 3.3.2). 
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Assumptions made in this model are (1) the filler particles are well dispersed and non-
interacting, (2) the system is homogenous. 
2.9 Summary 
The reinforcement of polymeric systems with carbon nanotubes presents a 
technique to improve the mechanical and electrical properties of the composite with 
potentially low loadings. Despite reports of significant mechanical improvement in 
nanotube-filled polymers, reported results differ greatly, and they are dependent upon 
nanotube type, method of measurement, chemistry, and extent of cure. As a result of 
these factors – especially chemistry and cure, properties such as Young’s modulus 
vary widely. While significant mechanical improvement is seen in incompletely cured 
or ultra-low modulus systems, the influence of nanotubes on the mechanical properties 
of a fully cured structural network is unclear. 
Methods to better incorporate carbon nanotubes into monomers include a wide 
array of covalent methods designed to create chemical interactions between tubes and 
their media. Any method which creates grafted chemical groups to the nanotube outer 
shell may potentially improve dispersion upon interaction of these groups with the 
media. Such interactions create a solution of lower viscosity than that of non-
functionalized tubes, thus improving the processability. However, it must be 
considered that functionalization also imparts damage to the nanotube’s graphitic 
chemical structure. This phenomenon leads to lowered length, thus a lower aspect 
ratio. In addition, the nanotube’s mechanical strength and electrical conductivity may 
be reduced, thus lowering the bulk properties of the composites they serve to 
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reinforce. It is therefore important to fully understand the extent of deterioration of the 
nanotubes by the method of functionalization and its influence on the properties of the 
composite. 
Similar to mechanical improvement, electrical reinforcement of polymers by 
carbon nanotubes remains unclear; however the general form of the percolation 
relationship holds true for systems containing filler particles such as nanotubes The 
traditional percolation scaling law must be modified for each system having differing 
chemistry and nanotube type and loading concentration. Furthermore, extensive 
characterization of nanotube-nanotube and nanotube-polymer interactions must be 
performed in order to predict further behavior of nanotube-reinforced systems. 
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CHAPTER 3 NANOPOROUS NANOTUBE-REINFORCED 
EPOXY-AMINE NETWORKS 
 
There is a specific need to develop a sensing substrate in which detection of 
chemical contaminants may be performed with improved sensitivity and lower 
response time. The primary goal of this investigation is to synthesize electrically 
conductive, nanoporous polymeric composites via the incorporation of multi-walled 
carbon nanotubes as an electrically conductive reinforcement. It is envisioned that 
such a material could be used for chemical and environmental sensors to provide 
sensing with improved response. In addition, this substrate may be applied to 
structures requiring ultra-light weight as well as thermal insulation and tunable 
dielectric composites. Such polymeric materials used for applications such as these 
require the control of surface area, pore surface activity, and pore size and shape. 
These features ultimately determine the success of (1) diffusion of a contaminant gas 
through the bulk material, and (2) reaction with its functionalized surface. 
In the development of advanced sensing substrates, a method to determine the 
conductivity of nanoporous substrates and the extent of molecular sorption – both 
absorption through the bulk and adsorption to the polymer surface – is required in 
order to assess saturation. In this work, we have developed nanoporous epoxy-amine 
networks interspersed with a percolation of carbon nanotubes as a novel sensing 
substrate capable of sorbing chemical constituents to its surface. By introducing 
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porosity into the substrate, we have provided ultra-high surface area; this allows for 
faster mass transport of permeants through the bulk as well as increased sorption of 
permeants to the surface. High surface also allows for uniform swelling of the 
substrate with sorbed permeants, which produces more precise response.  
Conductivity testing was performed on these substrates, in normal ambient 
environment as well as vaporous THF environment, to determine the molecular 
sorption. Uptake of constituents may therefore be assessed by changes in electrical 
conductivity upon swelling of the substrate. An assembly such as this incorporates 
novel, ultra-high surface area, reactive materials with a resolute characterization 
mechanism to produce a novel substrate that may provide high precision sensing for 
unstable environments. 
3.1 Background and Objectives 
3.1.1 Composites of Oriented Nanotubes 
While a percolation of nanotubes has been achieved in well-dispersed and 
randomly oriented polymer networks, cost associated with nanotube loading remains 
high. Therefore, methods of orientation have been explored in order to achieve 
conductive percolation at low concentration. Key advantages to oriented systems 
include higher uniformity of filler distribution as well as reduced cost associated with 
low materials usage.  
Several methods to align or somehow orient nanotubes have been performed in 
order to achieve a percolated system with significantly lower nanotube loading. Mu et 
78 
 
al. achieved percolation of nanotubes by coating polystyrene particles with SWNT, 
and then pressing the coated particles into a bulk composite [5]. In their study, 
nanotubes were not dispersed across the volume of the polymer, but rather deposited 
onto the particles to create a cellular network of oriented nanotubes, leading to 
percolation. In a case such as this, nanotube dispersion is not necessarily achieved, but 
rather, their percolation is a result of reducing the available dispersion volume. While 
the pressing method resulted in percolation at a relatively low concentration, this 
method is not conducive to high mechanical integrity of the composite.  
In a study by Du, et al. [6], simulations were performed in which rod-like particles 
were aligned to differing extent (angle) to determine the influence of alignment on the 
conductivity of the composites. In addition, composites of aligned nanotubes were 
made with filler concentrations ranging from 0.38 – 3 wt %. In all composites, the 
conductivity improved up to a characteristic angle, termed the alignment percolation. 
Beyond this angle, the conductivity decreased. Results from simulations and 
experiments concluded that, while moderate alignment may improve the conductivity 
over an isotropic dispersion, over-aligning reduces rod-to-rod contact points, thus 
increasing the percolation threshold. 
The focus of this work is to design a high surface area polymer network with a 
percolation of conductive filler and surface reactivity to be used for environmental 
sensing. Here, we hypothesize the following: (1) amino-functionalization of nanotubes 
will allow them to self-orient into the polymer struts of the epoxy-amine nanoporous 
network; (2) uptake of gaseous permeants to the network will occur, and subsequent 
swelling of the network will result in loss of conductive percolation; and (3) transport 
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of gaseous permeants through the nanoporous network is very fast compared to uptake 
at the surface of the network.  
3.1.2 Nanoporous Epoxy Networks 
While bulk thin films have been used previously as sensing substrates, it is 
necessary to reduce error by incorporating a high surface area substrate. In addition, 
the mechanical failure which can occur from handling of the thin films requires an 
alternative which performs similarly (or better) but may be made with larger bulk 
dimensions. These may be accomplished by the use of bulk nanoporous polymeric 
systems. 
Recent development of nanoporous thermosetting polymeric systems, reported by 
Raman, et al., [1 , 2], utilizes step-growth cross-linking polymerization of 
stoichiometric quantities of epoxy and diamine in the presence of a chemically inert 
solvent (Figure 3.1). The difunctional epoxy resin, diglycidyl ether of bisphenol A 
(DGEBA) of trade name EPON828 (n = 0.13) was supplied by Miller-Stephenson, 
Inc, and a tetra-functional amine, bis-(para-aminocyclohexyl)methane of trade name 
PACM-20, was supplied by Air Products, Inc. Tetrahydrofuran (THF) was used as 
solvent for nanoporous systems. At normal curing temperature of 60 ºC, THF remains 
unreactive while crosslinking between epoxy and amine monomers ensues. In these 
systems, a favorable Gibb’s free energy of mixing allows encapsulation of the solvent 
throughout the network at the molecular level during reaction without macroscopic or 
microscopic phase separation. Extraction of the THF is performed by supercritical 
drying in CO2 in order to preserve the porous structure.  
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Figure 3.1: Chemical structures of DGEBA, PACM, and THF indicate a difunctional epoxy, a 
tetrafunctional amine, and polar solvent. Monomers may be reacted in the presence in THF, 
without solvent reaction, to produce a porous, high surface area network upon supercritical 
drying 
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Pore size in these networks may be controlled by altering THF content. Materials 
have been made with average pore sizes ranging from 1 nm (measured by SAXS – 
small angle x-ray scattering) to 80 nm (SEM). The system, when synthesized with 6:1 
THF to monomer ratio and dried supercritically, possesses a 150 ºC Tg and a density of 
about 0.2 g/cc [13]. These materials will form the basis for work discussed herein. 
In addition to varying surface area, surface reactivity may also be altered after cure 
by grafting chemical groups to unreacted monomers. Experiments have been 
performed in which the nanoporous network was synthesized having excess amine. 
The network was then introduced to media such as acrylamide to render the composite 
partially water-soluble.  
When applied to nanotube-reinforced composites, the capability for tailored 
surface area and functionalization of the surface may provide a mechanism for surface 
adsorption of chemical contaminants, followed by swelling of the network and a drop 
in electrical conductivity (shown in Figure 3.4). The present research investigates the 
influence of nanotubes on the electrical conductivity of the network by determining 
the percolation threshold – or the filler concentration at which the composite exhibits 
dramatic changes in conductivity. 
3.1.3 Percolated Nanotube-Reinforced Networks 
Pure and functionalized MWNTs and DWNTs are investigated as conductive 
fillers for epoxy networks. While SWNTs possess aspect ratios over 100x that of 
DWNT or MWNT, they are more prone to agglomeration. In addition, 
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functionalization – which often causes structural damage of the outermost shell of the 
nanotube - results in less deterioration to DWNT or MWNT compared to SWNT. The 
work discussed here aims to show how percolating networks of DWNT and MWNT, 
both pure and amino-functionalized, can be attained at very low concentrations. 
In order to achieve a percolation of nanotubes throughout any three-dimensional 
system at ultra-low concentration, it is advantageous to induce preferred orientation of 
the nanotubes. Orientation may provide a contiguous conductive pathway while 
requiring lower nanotube concentration. In this report, we present a method for 
promoting the self-orientation of nanotubes into the polymer phase of a THF-
encapsulated epoxy-amine network. By dispersing amine-functionalized nanotubes 
into the network, the surface functional groups may chemically bond with the 
monomers. Selective orientation of the functionalized nanotubes into the epoxy-amine 
phase favorably follows. Such orientation will forge the electronic pathway with 
reduced overall nanotube content; the resulting composite will contain low nanotube 
concentration as well as high surface area, capable of higher precision sensing than the 
thin-film carbon black composites used by the e-nose.  
Sensing capabilities may be evaluated by measuring the electrical behavior of the 
nanoporous nanotube-epoxy network as a function of environment. In this study, 
percolated nanoporous systems have undergone electrical resistivity measurements in 
both ambient and THF vapor environments. Changes in resistivity upon exposure to 
vaporous THF are characterized by changes in resistivity over time.  
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Finally, weight gain due to swelling of nanoporous networks, brought on by 
sorption of THF from its vapor phase is measured and compared to the behavior of 
nonporous networks. Results of this investigation determine the extent of 
improvement in response time and extent of sorption provided by a high-surface area 
sensing substrate. 
3.1.4 Sorption of Contaminants 
The substrate proposed herein shall be utilized not only as a medium for 
conductive percolation but also as an ultra-high surface area material capable of 
exhibiting morphological change upon sorption of vaporous contaminants. 
Specifically, this nanotube-reinforced nanoporous network marries conductive 
response with subsequent swelling upon sorption of vaporous solvent in order to 
determine the mass transport properties of the network when a contaminant is present.  
Raman, et al. [13], characterized the diffusion behavior of as-made (swollen – Tg < 
R.T. ) nanoporous epoxy-amine networks by immersing them in liquid THF. From 
these experiments, a diffusion coefficient on the order of 10-6 cm2/s for liquid THF in 
the network was reported. Vanlandingham, et al. [14], measured water vapor uptake 
for EPON828-PACM systems in the glassy state. Their experiments varied 
temperature and relative humidity, and diffusion coefficients were found to be on the 
order of 10-8 cm2/s. While the epoxy-amine system used in these reports is similar to 
our work, the diffusion behavior of vaporous THF within these systems has not been 
characterized. For the purpose of a nanostructured sensing substrate designed to 
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absorb vaporous contaminants, characterization of gaseous diffusion behavior is 
therefore necessary. 
In this work, we make the assumption that, due to the difference between the 
molecular diameter of vaporous THF and the diameter of the pores within the network 
(5.9Å [10] and 20 nm respectively), the diffusion of THF throughout the 
interconnected volume is fast relative to diffusion in the bulk polymer. Additionally, 
due to the presence of nanoscaled polymer struts that make up the nanoporous 
network, it is predicted that  THF uptake dynamics for a sample of given thickness, i.e. 
the sensing response, will be much faster than its nonporous counterpart of the same 
thickness. This phenomena is expected, based on the relationship given by equation 
3.1. This relationship relates the characteristic time, τ,  for diffusion into a sample of 
given thickness, and L to the diffusivity, D, of a permeant into the material. 
D
L2
≈τ
  
    ( 3.1 ) 
By determining these parameters, we may synthesize a sensing substrate that is 
tailorable in surface area – correlated to sensitivity and extent of reactivity – and fully 
characterized according to its physical dimensions. 
3.1.5 THF Diffusivity 
In order to predict the mass transport of vaporous THF through the nanoporous 
network, Fick’s Law may be applied, taking into account the diffusion gradient and 
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resulting uptake. Assuming Fickian behavior, the following conservation equation is 
obtained for non-steady state diffusion into a semi-infinite slab: 
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In this equation, C is the THF concentration, t is time, D is the diffusivity of vaporous 
THF in the network, and x is the position. The boundary and initial conditions 
representative of our experiments are given as: 
 
C = C0,   -h < x < h 
C = C1 ,   x = h,  x = -h,  t ≥ 0 
dC/dt = 0,  x = 0,    t ≥ 0 
 
where C0 is the initial THF concentration, C1 is the equilibrium THF concentration, h 
is the slab. This problem was solved by Crank and others [15] for diffusivity 
independent of concentration. The solution is given below: 
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The mass of THF uptake within a given time is described by the following equation: 
 
( )∫=
h
t dxtxCM
0
,    ( 3.4 ) 
 
where Mt is the THF mass uptake. When the concentration profile of equation 3.3 is 
substituted into equation 3.4, the resulting equation is integrated to yield the 
following: 
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Shen and Springer [11] ,[12] have presented a simplified solution to equation 3.5: 
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where M∞ is the THF mass uptake at equilibrium. 
We apply equations 3.5 and 3.6 to characterize THF uptake of epoxy systems.  
When applied to sorption data for nonporous samples these equations can be used to 
obtain values of the diffusion coefficient of THF in the epoxy network.  The analysis 
can also be used to obtain estimates of polymer feature characteristic dimensions in 
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nanoporous systems by fitting sorption data for these systems using diffusivity values 
obtained from experiments conducted using nonporous epoxies. 
3.2 Experimental 
3.2.1 Synthesis of Nanotube-Reinforced Nanoporous Epoxy Systems 
Molecular sieves were added to EPON828 (DGEBA resin supplied by Miller-
Stephensen, Inc), and the mixture was heated to 100 ºC for 24 hr to reduce water 
content. Nanotubes of varying sizes and functionalities were produced by CVD 
method and supplied by Nanocyl, S.A. A summary of the approximate dimensions is 
given in Table 3.1. 
DWNT and MWNT, both pure and amine-functionalized, were added to dried 
EPON828 in a 1 wt % concentration. Nanotubes were mixed by one of two different 
procedures: stirring, and shear mixing. Stirring was performed for 12 hr within a 
temperature range of 40 ºC to 50 ºC using a magnetic bar stir bar. Shear mixing was 
performed using a THINKY® rotational, orbital mixer at 1000 rpm for 3 min. The 
mixtures were then heated to 120 oC in order to bond the amine groups on the 
functionalized nanotubes with the epoxy groups of the DGEBA. In order to make 
samples with varying nanotube concentration, The 1 wt% nanotube-epoxy mixtures 
were diluted with dried EPON828 to obtain mixtures with nanotube concentrations of 
0.001, 0.01, 0.1, and 1 wt % of the epoxy weight. Table 3.2 lists the concentration of 
(1) nanotubes into the epoxy alone, (2) nanotubes into all monomers, and (3) 
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nanotubes into the entire epoxy-amine-THF network. Nanotube concentrations 
discussed hereafter are in wt % epoxy unless otherwise noted. 
Amine-functionalized DWNT and MWNT contain functionalization of 0.6 atomic 
%, as measured in previous reports by XPS [3]. Therefore, the amount of PACM 
added was modified for these networks to maintain a stoichiometric ratio of epoxy to 
amine moieties. Nanotube-monomer mixtures were added to 20 ml scintillation vials. 
ACS reagent grade THF (supplied by Sigma-Aldrich, Inc.) was added to the mixture 
to make samples with a 1:1 monomer to THF ratio. Networks were sealed with Teflon 
tape and thermally crosslinked at 60 ºC for 10 days. Thermal crosslinking, in 
conjunction with the addition of non-reacting THF, resulted in gel formation. Gels 
were removed prior to supercritical THF extraction. 
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Table 3.1: Nanotubes were obtained from Nanocyl, S.A. (Namur, Belgium). Dimensions of 
nanotubes, dependent upon synthesis and processing method (amino-functionalization). Since 
nanotube functionalization technique used here imparts damage to the tube, dimensions of 
amine-functionalized nanotubes are approximated to account for structural relaxation and 
length reduction. 
 
 
 
 
MWNT 
 
NH2-MWNT 
 
DWNT 
 
NH2-DWNT 
 
Diameter (nm) 
 
15 
 
~15 
 
2.8 
 
~ 2.8 
Length (nm) 10000 ~ 5000 10000 ~ 5000 
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Table 3.2: Nanotube-reinforced composites were made with pure and amine-functionalized 
MWNT and DWNT. Composites containing each nanotube were produced with loading 
concentrations ranging from 0.001 to 1 wt% in epoxy monomer. This table also shows 
concentration based on epoxy-amine monomers and epoxy-amine-THF. 
 
 
Nanotube Type 
 
Wt % 
(In DGEBA) 
 
Wt % 
(In all monomers) 
 
Wt % 
(In monomers and THF) 
 
MWNT 
 
0.001 
 
7.8 x 10-4 
 
3.9 x 10-4 
NH2-MWNT 0.01 7.8 x 10-3 3.9 x 10-3 
DWNT 0.1 0.078 0.039 
NH2-DWNT 1 0.78 0.39 
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Characterization of polymer-solvent composite systems under SEM requires 
evacuation of all solvent from the specimen. Therefore, in order to limit pore collapse 
of the networks and preserve pore morphology, solvent extraction was carried via the 
replacement of THF with supercritical CO2 [4], as shown in Figure 3.2. In the 
supercritical extraction process, gels were inserted into an extraction chamber cooled 
to 0 ºC. Liquid CO2 was then pumped into the chamber. After 3 hr, the CO2 in the 
chamber was replenished – THF-containing CO2 replaced by fresh liquid CO2. After 
24 hr, chamber conditions were brought to supercritical conditions – a temperature of 
32 ºC and pressure of 110 bar [4]. Once supercritical conditions were reached, the 
chamber was vented at 32 ºC for 24 hr. Supercritical extraction resulted in dried, 
nanotube-interspersed nanoporous networks. 
3.2.2 Scanning Electron Microscopy 
SEM preparation was performed to preserve the network’s nanoporous structure. 
Samples were immersed in liquid nitrogen for 30 seconds. Frozen samples were then 
cracked, and affixed with carbon tape onto a steel sample stub. Samples were 
sputtercoated with Pt/Pd prior to analysis. SEM imaging was performed with an FEI 
XL30 field emission environmental SEM in vacuum conditions and a voltage of 10 
kV.  
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     (a) 
(b) 
Figure 3.2: Extraction of THF was performed using supercritical drying with liquid CO2 (a). The 
supercritical setup includes a sealed sample chamber with an inlet for liquid CO2 as well as a 
chiller (b). 
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3.2.3 Bulk Conductivity  
Electrical conductivity in polymer composites may be measured by bulk resistance 
testing across the thickness of a film or thin plate. Bulk resistance testing was 
performed on supercritically-dried neat and nanotube-reinforced epoxy-amine 
networks with loading concentrations between 0.01 and 1 wt %. Dried networks were 
cut into discs approximately 15 mm in diameter and 2 mm thick, then sanded and 
polished to render a smooth surface. Polished discs were masked on the edges and 
PVD-coated with Pt/Pd on the top and bottom faces. Sputtering thickness generally 
lies at the nanometer scale. Coated samples were attached to the picoammeter and 
subjected to varying current. Conductivity measurements were performed at room 
temperature and ambient conditions. 
Resistance measurements were performed by a Keithley 6485 Picoammeter with 
an Agilent E3631A DC voltage source. Cylindrical sample plates with thicknesses 
ranging from 1.9 - 3.2 mm were polished on each face and sputtercoated with Pt/Pd 
prior to testing. Sample edges were masked prior to sputtering in order to avoid 
shorting across sample edges. Electrodes were affixed to each face, as illustrated in 
Figure 3.10. Resistance testing was performed by measuring the current required to 
maintain voltage across the thickness of the sample. Voltages in the range of 1 – 5 mV 
were applied to samples, and applied electrical currents were detected by the 
picoammeter.  
In order to determine the effect of sorption and swelling of the substrate on 
conductivity, samples then underwent resistance testing in THF vapor environment. 
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Samples were suspended over liquid THF at room temperature. The vapor pressure of 
THF at 22 ºC is 144 mmHg. The assembly was sealed, and circuitry was applied, as 
shown in Figure 3.3. Bulk resistance was measured real-time over a period of 10 min 
with an applied voltage of 5 mV.  
3.2.4 Swelling Studies 
Complementary swelling studies were carried out in which nanoporous networks were 
subjected to THF vaporous environment as described above and shown in Figure 3.4; 
THF was then allowed to diffuse into the network. Weight gain of these samples was 
measured at regular intervals to determine equilibrium weight gain and to characterize 
diffusion behavior of THF vapor in the nanoporous networks within a vaporous 
environment. This weight gain procedure was also used for the nonporous matrix. 
THF uptake studies for the nonporous system were used to obtain the diffusion 
coefficient of THF in the DGEBA-PACM networks at room temperature.  
3.2.5 Differential Scanning Calorimetry 
DSC characterization was performed on nanoporous networks in order to determine 
the influence of nanotube addition, both pure and functionalized, on the thermal 
properties of the composite. DSC measurements were performed with a TA 
Instruments Q2000 instrument. Temperature was ramped at 5 ºC/min up to 250 ºC. 
Sample sizes ranged from 4 – 12 mg. 
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Figure 3.3: Setup of conductivity cell with vaporous THF environment is comprised of a sealed 
vial containing liquid THF. As THF takes its vapor phase, it diffuses through the nanoporous 
network, causing swelling and subsequent drop in conductivity. 
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3.3 Results and Discussion 
3.3.1 Nanotube Dispersion and Orientation 
Neat epoxy-amine networks were synthesized as described. THF was then extracted 
by supercritical drying to form the porous network shown in Figure 3.5.  Mechanical 
mixing of pure MWNT into epoxy and amine resulted in significant agglomeration 
and phase separation of nanotubes within the network, as shown by a specimen cross-
section in Figure 3.6 (gel) and 3.7 (dried). In addition to high agglomeration, 
precipitation from solution is also observed. This suggests not only a structure stable 
enough to reject chemical or physical interaction, but also the incidence of inter-tube 
van der Waals forces, which promote agglomeration. When a higher shear mixing 
method is used, agglomeration is reduced, and moderate dispersion of nanotubes is 
observed. However, high nanotube concentration leads to precipitation of nanotubes to 
varying extents, dependent upon mixing method. Figure 3.6 shows the degree of 
precipitation throughout the height of a DGEBA-THF gel containing 1 wt% MWNT. 
A significant portion of MWNT settles to the bottom of the sample. However when 
shear mixing is used (Figure 3.7), dispersion is improved and precipitation is reduced. 
Although high nanotube concentrations result in precipitation, dispersions show higher 
uniformity when shear mixing is used. The gray coloring of the sample layers – 
including the top layer – suggests that substantial incorporation of nanotubes occurs as 
a result of this mixing method. 
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Mechanical mixing, by stirring, of NH2-MWNT into monomers resulted in a semi-
homogenous dispersed network (as shown in Figure 3.8). Agglomerates were small 
and distributed uniformly across the sample; discreet nanotube bundles are seen in 
SEM imaging of the fractured surface of the NH2-MWNT reinforced network. As 
shown in the figure, nanotube bundles range from 500 nm to 1 µm in diameter. Also 
evident is the presence of evenly distributed nanotube bundles throughout the surface 
of the fractured sample. The morphology of nanotube agglomerates and the 
morphology of the fractured surface show adhesion of polymer to the bundles, which 
suggests good wetting and potential covalent interactions between monomers and 
NH2-MWNT. However, due to the large dimensions of nanotube agglomerates as well 
as the morphology of the remaining polymer network, there is no evidence to suggest 
that nanotubes or nanotube bundles have self-oriented within the polymer phase. 
Shear mixing was performed on nanotubes and monomers in order to enhance 
dispersion as well as reduce the size of nanotube agglomerates. Figure 3.9 shows SEM 
images of nanoporous composites of 1 wt % NH2-MWNT concentration. The images 
show not only the presence of NH2-MWNT in the fractured sample, but also evidence 
of selective orientation of nanotubes within the polymer network. When the specimen 
was tilted, a fibrous morphology was apparent; it is evident that monomers have 
conformed to the fibrous morphology of the nanotube bundles. The morphology of the 
fractured sample shows a good dispersion of the nanotubes and migration into the 
struts. Strong adhesion between nanotubes and the network is also observed, 
indicating that strong chemical interactions are due to the presence of amine 
functionalities on the nanotubes. When compared to the fractured surfaces of poorly  
98 
 
 
 
 
 
 
 
 
Figure 3.4: Schematic of proposed nanotube-reinforced nanoporous network describes the 
advantage of a high surface area, surface reactive composite, designed to swell upon sorbed 
contaminant. Swelling of the substrate determine the extent of contaminant adsorption 
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Figure 3.5: SEM images of supercritically-dried neat epoxy-amine-THF networks illustrate the 
encapsulation – and subsequent extraction – of THF, leaving a cross-linked and nanoporous 
polymer phase 
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       (a)                (b) 
 
Figure 3.6: Conventional stirring methods to disperse nanotubes include mechanical mixing. 
Using this method to disperse particles with high interparticle interactions results in high 
agglomeration as well as precipitation of agglomerates from suspension.  Optical imaging was 
performed of cross-sectioned nanoporous epoxy-amine-THF gels with pure MWNT (1 wt %) 
dispersed by mechanical stirring. Absence of functionalization, as well as failure to separate 
agglomerates using mechanical stirring, results in an inhomogenous composite.  
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  (b) 
 
Figure 3.7: Composites made with 1 wt% MWNT, dispersed by shear mixing show improved 
dispersion of nanotubes throughout the sample. Despite improved dispersion, precipitation occurs 
in systems with high nanotube content, thus creating a concentration gradient of tubes within its 
sample vial (a). Optical photos of the contents of one sample vial – after supercritical extraction – 
show the concentration gradient of tubes (b). 
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Figure 3.8: SEM images of fractured surface of DGEBA-PACM nanoporous systems with 1 wt % 
NH2-MWNT mechanically mixed with monomers 
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Figure 3.9: DGEBA-PACM-THF networks synthesized with 1 wt. % NH2-MWNT (dispersed by 
shear mixing) show improved dispersion and small agglomerates 
 
1 µm 500 nm 
500 nm 500 nm 
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dispersed networks, it is evident that the inclusion of the amine-functionalized 
nanotubes has altered the morphology of the network. For example, the figure shows a 
fibrous appearance comprising the pores of the network containing nanotubes, while 
the neat network (no nanotubes) contains a pore structure that is roughly spherical in 
nature. 
3.3.2 Baseline Percolation of Nanotube-Epoxy Nanoporous Composites 
Bulk resistance measurements were used with the dimensions of the samples to 
obtain the resistivity equations discussed in Section 2.8.1. A schematic of the setup 
used in shown in Figure 3.10 Resistance measurements at five voltage inputs were 
obtained. Voltages ranged from 1 - 5 mV. Table 3.3 lists the values of conductivity for 
all samples prepared. In Figure 3.11, the conductivity values are plotted as a function 
of concentration. Nanotube concentrations discussed here are noted in wt % of epoxy 
only. Conversion to wt % of the entire system are listed in Table 3.2.  The percolation 
model described in Section 2.8.1 (equation 2.2) was used to fit the conductivity data. 
Figure 3.12 shows the overall relationship of conductivity with concentration as well 
as the fit of the model to the experimental data. The percolation threshold and other 
fitted parameters are shown in Table 3.4. Plotted in the figure are experimental 
conductivities of composites as well as the percolation model fitted to each sample. 
All conductivities lie on the order of ~10-4. Composites containing MWNT exhibited 
the highest percolation threshold of 0.00072 wt % epoxy content, as well as the lowest 
conductivity in the concentrated regime. The use of DWNT lowers the percolation 
threshold; using DWNT, percolation threshold was measured at 0.00055 wt %. In  
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Figure 3.10: In order to determine the bulk conductivity of reinforced networks of randomly 
oriented nanotubes, a picoammeter with power source was used to measure applied and detected 
voltages. Voltages were applied, and current was measured across the faces of disc-like samples. 
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Table 3.3: Conductivity measurements (Ω-cm )-1 of composite with nanotubes of varying type, 
functionality and concentration. 
 
 
 
 
 
0.001 wt % 
x 10-5 
 
0.01 wt % 
x 10-5 
 
0.1 wt % 
x 10-5 
 
1 wt % 
  x 10-5 
 
    
MWNT 0.072 0.158 0.287 0.573 
NH2-MWNT 0.100 0.302 0.585 0.359 
DWNT 0.192 0.387 0.345 0.364 
NH2-DWNT 0.269 0.565 0.399 0.474 
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addition to variations in nanotube size, the functionalization of nanotubes further 
reduced the percolation threshold. NH2-MWNT and NH2-DWNT exhibited 
percolation thresholds of 0.00061 and 0.00034 wt %, respectively. It is clear that the 
thresholds of composites containing functionalized nanotubes are lower than their 
pristine counterparts. In general, nanotubes with amine functionality and low diameter 
exhibit the lowest percolation threshold as well as highest conductivity in the 
concentrated regime. 
In the synthesis of nanotube-polymer composites, nanotubes begin to precipitate at 
high concentration, due to the limited dispersability of nanotubes – especially tubes 
without functional moieties. This phenomenon is seen here in samples of high 
nanotube content. When precipitation occurs, conductivity readings may vary across 
several samples in a specimen, due to the variation on nanotube content across the 
volume of the sample. In general, as lower portions of the specimen are tested, high 
conductivity readings result; the opposite is also true. As shown in Figure 3.12, 
conductivity readings of composites at 1 wt % epoxy content exhibit behavior widely 
uncharacteristic of their lower concentration counterparts. For example, their behavior 
cannot be predicted by models – such as the percolation model – which make the 
assumption that the nanotubes are well-dispersed. This assumption is not valid at high 
concentration, where it is obvious that dispersion is not adequate. For this reason, 
conductivity readings at such high concentrations of nanotubes will be highly 
dependent on the relative portion of the sample that undergoes testing, as seen in the 
variable concentration of nanotubes illustrated in Figure 3.7. Fortunately, this 
concentration is well above the percolation threshold and does not adversely affect the 
108 
 
integrity of conductivity readings within the dilute or semi-dilute regions where the 
threshold is determined. 
The scaling parameter, t, of the nanoporous composites is observed lower than that 
seen in a three-dimensional, homogenous, and randomly oriented percolation. The 
nanoporous networks synthesized here contain nanotubes that have been wetted and 
oriented by the polymer phase of the network. Therefore, the system is no longer of a 
homogenous dispersion, nor are the tubes randomly oriented. In addition, the presence 
of voids reduces the three-dimensional bulk available. The scaling factor observed in 
nanoporous composites are within the range of 0.22 - 0.25, while that observed in 
traditional, homogenously dispersed, three-dimensional systems is 1.8 - 3.1 [7 – 9].  
In summary, composites containing MWNT and DWNT, both pure and 
functionalized, exhibited ultra-low percolation thresholds as well as unusually low 
scaling parameters. Experimentally-derived percolation parameters are summarized in 
Table 3.4 , while those of theoretical predictions are listed in Table 3.5. As shown in 
the tables, experimental conductivities lie within the boundaries of the excluded 
volume model and dimensional prediction. The reduction of agglomerates and 
uniformity of dispersion of nanotubes is evident in systems of each nanotube size and 
functionality.  
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Figure 3.11: Conductivity measurements of nanoporous composites containing nanotubes of several 
types indicate increasing conductivity with respect to concentration.  
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(c) (d) 
 
Figure 3.12: Conductivity trends in composites containing various nanotubes are fitted with the 
percolation model in order to construct a model modified for oriented nanotube dispersions 
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Table 3.4: Experimentally-derived parameters of the percolation scaling law indicate the 
percolation thresholds of nanotubes, noted in wt %, as well as dimensionless parameters, A, and t. 
 
 
 
 
φc 
 
(wt % DGEBA) 
 
 
φc 
 
(total wt %) 
 
A 
 
(Ω-cm)-1 
 
t 
 
 
MWNT 
 
0.00072 
 
0.00028 
 
0.497 
 
0.236 
NH2-MWNT 0.00061 0.00024 0.795 0.242 
DWNT 0.00055 0.00021 0.610 0.229 
NH2-DWNT 0.00034 0.00013 0.863 0.251 
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Table 3.5: Theoretical percolation threshold ranges of nanotubes within a polymer medium are 
based solely on the dimensions of the filler particles, regardless of structural deformation or 
chemical modification. The lower bound describes the behavior of the strongly interacting filler, 
while the upper bound, also known as the excluded volume model, describes that of a non-
interacting filler. 
 
 
 φc Theoretical 
Lower Bound 
 (wt %) 
φc Theoretical 
Upper  Bound 
 (wt %) 
 
MWNT 
 
4.59 x 10-4 
 
8.75 x 10-2 
NH2-MWNT 6.00 x 10-4 1.00 x 10-1 
DWNT 1.17 x 10-5 1.40 x 10-2 
NH2-DWNT 2.40 x 10-5 2.00 x 10-2 
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3.3.3 Bulk Resistance within Vaporous THF Environment 
Resistance testing of nanotube-reinforced epoxy networks yielded a drop in 
electrical conduction across the thickness of samples, as shown in Figure 3.13. 
Samples containing MWNT, shown in (a), exhibit significant increase in resistance 
upon exposure to THF. In particular, samples containing low nanotube concentration 
(0.001 wt %) exhibited a resistivity increase of 218 %. Other MWNT-containing 
samples showed resistivity increases of up to 125 %.  
Samples containing NH2-MWNT also indicated a significant difference in 
normalized resistivity in samples of low concentration, as shown in (b). Conduction in 
samples of 0.001 wt % concentration deteriorated, showing resistance increase at 167 
%, well above that of samples with 0.01 – 1 wt %.  
Samples containing DWNT (c) and NH2-DWNT (d) show more modest 
differences in samples of lower concentration. Maximum increase in resistance for 
samples with DWNT and NH2-DWNT were 148 % and 160 %, respectively. 
Remaining samples exhibited resistance increases as well, at up to 148 %.  
Resistance measurements took place on samples coated with Pd on opposing faces. 
It must be noted, therefore, that over the course of resistance testing of samples within 
THF vaporous atmosphere, the primary path of transport lies not along the faces of the 
sample, but through the thickness of the sample. 
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3.3.4 Diffusivity of Vaporous THF 
THF uptake in the nanoporous network, shown in Figure 3.14 illustrates the 
behavior of the network while exposed to a vaporous THF environment. Elapsed time 
was measured upon sealing of the vessel. An initial uptake of THF is observed, 
followed by a delay of approximately 2 min. Reasons for this behavior include the 
following: (1) there is a time period required for THF to reach its vapor pressure 
within the sealed vessel; and (2) initial sorption of THF at the surface of the sample. 
After the initial delay, swelling occurred over a time period of approximately 9 min 
before reaching it equilibrium uptake of 13.95 wt %. Beyond this weight, the system 
remained in equilibrium with its vaporous environment. In general, the uptake 
response is linear, which is uncharacteristic of Fickian diffusion. 
The THF uptake at equilibrium, M∞, was presumed to be the equilibrium 
concentration of vaporous THF in the nonporous matrix as well. This was used as a 
boundary condition to model diffusion in the matrix. Behavior of the matrix is 
modeled in Figure 3.15, where nanoporous networks containing low nanotube content 
are subjected to THF vapor environment (a). The experimental data and model are 
also described (b). From the model, we have predicted a diffusion coefficient of 
8.6x10-11 cm2/s for vaporous THF in the nonporous matrix. Using this diffusion 
coefficient and a characteristic polymer strut thickness of 100 nm obtained from SEM 
imaging (i.e Figure 3.15 (a)), a prediction was made for THF uptake behavior 
assuming that diffusion in the porous phase of the sample is not rate limiting. The 
predicted behavior is plotted in Figure 3.16 together with the experimental behavior. 
The predicted response time of ~10 s is shorter than that observed experimentally 
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(~500 s). The observed time, however, is many orders of magnitude less than what 
would be found for a nonporous sample of the same thickness (days). Another 
important observation is that the measured THF uptake profile is not Fickian. This 
suggests that other mechanisms affect mass transport in this system. It is possible that 
rapid surface swelling reduces pore sizes so that the time for diffusion in the porous 
cavities becomes rate limiting. Alternatively, a thin skin may develop on the surface 
providing a barrier to mass transport into the system. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.13: Resistance measurements were taken of nanotube-reinforced networks at 5 mV DC. 
Normalized resistance of nanoporous nanotube-epoxy networks in vaporous THF atmosphere 
show the influence of contaminant sorption to the network on the elctrical behavior of the 
composite 
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Figure 3.14: Nanoporous networks were immersed in vaporous THF atmosphere and allowed to 
adsorb THF. Sorption reached equilibrium after 11 min of immersion. 
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Figure 3.15: Swelling studies were performed on nanoporous networks containing 0.001 wt % 
NH2-DWNT Experimental measurements and predictive model for THF uptake vs. time show a 
full-scale model and an inset to illustrate experimental data. The model for the nonporous matrix 
predicts a characteristic diffusion time on the order of 108 s when submerged in vaporous THF.  
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Figure 3.16: A diffusion model was compared with experimental data for vaporous THF uptake 
in the nanoporous network using the apparent diffusion coefficient derived from swelling of the 
network.. It is clear that the behavio of THF diffusion in the network does not follow Fickian 
behavior.  
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3.3.5 Tg of NT-Epoxy Composites 
Typical DSC data exhibit an inflection at the transition between the glassy and 
rubbery states, or the Tg. As a result of DSC measurements, the Tg of NT-epoxy 
composites were measured, shown in Table 3.6. Networks containing pure MWNTs 
showed a marked decrease in Tg upon increased nanotube loading. When loading 
reached 1 wt %, a Tg of 143 ºC resulted, compared to a Tg of the neat networks of 161 
ºC. There are several possible reasons for this behavior. 
One possible reason is that carbon inherently takes up amine groups. When 
nanotubes are combined with amines and raised to elevated temperatures, unreacted 
surface sites may covalently bond with amines. Amine bonding to these surface sites 
disrupts the epoxy-amine stoichiometric ratio, thus altering the Tg.  
A decrease in Tg may also be a result of the presence of functional groups which 
may disrupt the stoichiometric ratio of the system. However, a decreased Tg in a 
system containing non-functionalized carbon nanotubes suggests that, while amine 
functionalization has not been performed on nanotubes, the purification process used  
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Table 3.6: Tg measurements of nanoporous NT-reinforced networks. Measurements were 
obtained by DSC. 
 
 
 
 
MWNT 
(ºC) 
 
NH2-MWNT 
(ºC) 
 
DWNT 
(ºC) 
 
NH2-DWNT 
(ºC) 
NT Conc. 
(wt %) 
    
0 161    
0.001 158 156 151 155 
0.01 150 153 153 153 
0.1 152 151 153 153 
1 142 143 142 143 
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to remove amorphous groups to the nanotube, which may adversely affect cure, 
especially at high concentration. 
3.4 Conclusions 
Carbon nanotubes of varying size and functionality were dispersed into epoxy-
amine nanoporous networks. These nanoporous networks were created by the addition 
of THF during cure. The use of shear mixing, as opposed to conventional stirring, 
changed the quality of nanotube dispersion from high degree of bundling and 
agglomeration throughout the network to markedly smaller agglomerations and less 
precipitation. In addition, amine-functionalized DWNT and MWNT were found to 
disperse more readily into epoxy-amine monomers, exhibit less agglomeration and 
precipitation, and interact with the monomer phase partitioning into the polymer phase 
and inducing self-orientation. SEM imaging has shown that the nanoporous network 
takes on a fibrous morphology upon the addition of amine-functionalized nanotubes. 
This morphology is indicative of the influence of the tubes on the polymer medium. It 
is also evident that these nanotubes are wetted by the monomers, suggesting strong 
physical and chemical interactions between functionalized nanotubes and monomers 
have occurred. 
Conductivity testing has demonstrated the validity of filling nanoporous networks 
with carbon nanotubes as a means to achieve a percolation of conductive filler capable 
of producing a conductive composite. Based on the results of conductivity studies, this 
substrate is capable of gaseous contaminant sorption and subsequent swelling, thus 
causing a drop in conductivity. By varying nanotube concentration in nanoporous 
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networks, a percolation threshold was obtained for systems with nanotubes of different 
size and functionality. Percolation thresholds for nanotube-reinforced networks lied in 
the range of 10-4 wt %, with the lowest percolation threshold achieved in composites 
containing NH2-DWNT. The experimental data were fit to a generalized percolation 
model. The percolation thresholds of the self-oriented composites developed here are 
among the lowest reported to date. This research has enabled the use of nanotubes in 
ultra-low concentration to produce conductive composites. 
Conductivity testing performed within vaporous THF showed that nanotube-
reinforced epoxy networks exhibit a drop in resistance when exposed to THF.  The 
responsetime was several minutes and the behavior matched sorption studies 
conducted separately.  While the response time  was not as fast as expected basedon 
the small feature size of the polymer (100 nm) it was many orders of magnitude faster 
than would be expected for a nonporous sample of the same thickness.  
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CHAPTER 4 NANOTUBE-EPOXY STRUCTURAL COMPOSITES 
4.1 Introduction and Motivation 
 The exceptional mechanical and electrical properties of nanotubes have attracted 
increased interest in the development of advanced composites, especially in 
applications such as ultra-light weight and conductive polymer networks. For 
example, nanotubes have exhibited Young’s moduli up to 1.8 TPa [1 – 3]. However, 
integrating nanotubes into polymer systems to employ their exceptional material 
properties – such as Young’s modulus and tensile strength - has had very limited 
success. Their highly stable sp2 hybridization [5] renders them insoluble in water, 
organic solvents, and monomers. Significant improvements in the structural and 
mechanical properties of polymeric composites rest on the ability to provide stress 
transfer from the polymer phase to the dispersed filler.  
The use of carbon nanotubes has skyrocketed in the development of composites 
beginning shortly after their discovery [4 , 7]. Since then, massive research has been 
conducted in polymer composites in an effort to achieve improved mechanical and 
conductive properties. It has been predicted that the addition of nanotubes will provide 
a mechanism of load transfer from the polymer to the nanotubes, thus utilizing their 
excellent properties [8 , 9]. In fact, computer simulations predict dramatic increases in 
nanotube-based composite properties for ideal conditions. Such conditions include 
high aspect ratio, low density, and strong physiochemical nanotube-polymer 
interactions. Properties such as these are unique to the pristine graphitic structure of 
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nanotubes and vary depending on the method of production as well as the type – 
single-walled (SWNT), multi-walled (MWNT), or double-walled (DWNT) nanotubes. 
SWNT consist of a single seamlessly-rolled graphite sheet, DWNT of two concentric 
shells, and MWNTs of several concentric shells.  
4.1.1 Improvement of Mechanical Properties 
In the development of composites, it has been suggested that stress may be 
transferred to the nanotube filler from the polymer matrix, thus improving the overall 
properties. Improvement of this stress transfer capabilities may be provided by 
uniform dispersion techniques, mechanically- or electrically-induced alignment, or 
chemical or physical interactions at the nanotube-polymer interface such as polymer 
wrapping or covalent bonding. Each of these methods may produce homogeneously-
dispersed nanotube-based composites which exhibit dramatic improvement in overall 
mechanical behavior. However, as a result of their highly stable chemical structure, 
the excellent properties nanotubes possess also present an obstacle to their ability to 
reinforce polymer systems, as they tend to form agglomerates in solution. 
The first obstacle to achieving homogenously dispersed nanotubes in a polymer 
system is reducing nanotube agglomeration – a result of high van der Waals 
interactions between nanotubes. The second is inducing chemical or physical 
interactions between the nanotube and the polymer in order to improve affinity into 
media. Overcoming these challenges is vital to utilizing the load bearing capabilities 
of nanotubes from the polymer, thus enhancing the composite system’s mechanical 
performance. However, the attempt to achieve homogeneity of dispersion may result 
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in the detriment of the nanotubes, as many methods used to functionalize them can 
cause severe structural damage, as discussed in Section 2.6.2.  
4.1.2 Composite Bulk Conductivity 
Electrical conductivity of polymeric systems can be induced by dispersing them 
with carbon nanotubes. Large scale industrial productions such as aircraft structures 
look to implement fuselages made of carbon nanotube-embedded polymer composites 
as a replacement of the aluminum design, not only to provide weight savings, but also 
to maintain the necessary electrically conductive pathway needed to dissipate current 
from lightning strikes [11 , 12]. The electrical conductivity of an individual nanotube 
approaches that of metals, and incorporation of nanotubes into normally insulative 
systems such as polymers may increase conductivity by many orders of magnitude.  
The potential for electrical improvement of normally insulating polymer systems 
by carbon nanotubes may be achieved by attaining a percolation of the conductive 
filler. A percolation – a network of conductive pathways throughout the bulk of a 
material or composite that allows for electron migration across its dimensions – may 
be achieved by modifying the concentration of conductive filler to accommodate the 
electron pathway. A composite’s percolation threshold is therefore the minimum filler 
concentration required for the composite to achieve significant decrease in resistance. 
In order to effectively disperse electrostatic charge, a reinforced composite should 
achieve conductivity, σ, on the order of 10-6 S/m or greater. Most neat epoxy 
networks, including the network synthesized in this research, possess conductivity on 
the order of 10-8 (Ω-m)-1 (10-10 (Ω-cm)-1) and lower [7 , 8]. 
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4.2 Predictions of Young’s Modulus 
In this study, the influence of carbon nanotubes of various sizes, functionalities, 
and concentrations on the mechanical properties of a well-known and thoroughly 
studied DGEBA-PACM thermoset system was investigated. MWNTs and DWNTs, 
both pure and amine-functionalized, were dispersed into the system. Characterization 
and mechanical testing of these composites was performed to assess the improvement 
of nanotubes on polymeric systems. The results of mechanical testing performed in 
this investigation are compared to previously-reported literature and are used to 
establish predictive models  
4.2.1 Halpin-Tsai Model 
Mechanical behavior of a reinforced composite can be predicted by implementing 
modified rule-of-mixing models to predict the properties of the composite based on 
filler content. The best-known of these, commonly referred to as the Halpin-Tsai 
model, is a semi-empirical relationship in which the properties of the polymer medium 
as well as the reinforcing filler may predict the properties of the composite as a 
function of filler content [10]. Specifically, the equations can predict the longitudinal 
and transverse moduli of reinforced composites. The Halpin-Tsai model is used here, 
assuming the following: (1) uniformly dispersed, randomly oriented fibers, (2) strong 
interaction between the matrix and filler particles, and (3) no interaction between – or 
agglomeration of – filler particles. As shown in Figure 4.1, properties, P, predicted by 
this model lie between the Reuss and Voigt bounds. The Reuss (lower) boundary 
indicates load transfer in the transverse direction, so that the response of the composite 
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can be considered a series combination of the response of the filler and matrix. The 
Voigt (upper) boundary indicates load transfer so that the response of the composite 
can be considered a parallel combination of the response of the filler and matrix. 
Characteristic equations for these predicted properties are as follows: 
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where P is the predicted property, ζ is the reinforcement efficiency of the composite 
(proportional to the aspect ratio of the filler particles), η is the reduced properties of 
the filler and matrix, Vf is the volume fraction of the filler, l and d are the length and 
diameter of the fibers, respectively. The elastic modulus, E, can be modeled within the 
constraints of both the longitudinal and transverse limits.  
 
As ζ ∞,  properties approach Voigt boundary: 
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where Ec is the modulus of the composite, Ef is the modulus of the fiber, and Em is the 
modulus of the polymer matrix.  
 
As ζ  0,  properties approach Reuss bound: 
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Contrary to the Voigt boundary, this boundary assumes loading in the transverse 
direction.    
A model that takes into account random orientation and the anisotropic nature of the 
fibers is the modified Halpin-Tsai model reported by Gojny, et al.  and given below: 
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where ENT is the modulus of the nanotubes, Em is the modulus of the matrix, t is the 
thickness of the graphene layers (0.34 nm), l is the length of the nanotube, d is the 
diameter of the nanotube, and VNT is the volume content of the nanotubes. 
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As part of the first reported comprehensive study of nanotube-epoxy composites, 
we compared Young’s moduli values of nanotube-epoxy composites reported in 
literature with the modified Halpin-Tsai model as well as the Reuss and Voigt bounds 
as illustrated in Figures 4.2 - 4.5.   
In using this model to predict composite moduli containing various types of 
monomers, carbon nanotubes, and curing methods, we have made a number of 
assumptions on the properties of the system and nanotubes unless they were explicitly 
reported by the authors. The modulus of each neat epoxy system was provided in the 
literature. In addition, all volume content (calculated from weight percent) were 
provided. Otherwise, the following geometric assumptions were made: 
l (nanotube length) = 10000 nm 
d (nanotube diameter) = 1 nm (SWNT), 3 nm (DWNT), and 10 nm (MWNT) 
ENT (Young’s modulus of nanotubes) = 1000 GPa 
 
Literature-reported values were plotted against the modified Halpin-Tsai model in 
terms of percent increase in Young’s modulus, as shown in Figure 4.2. The Reuss and 
Voigt models, with comparison to the data, are shown in Figure 4.3 and 4.4. The full 
modified Halpin-Tsai (Gojny) model, along with the Reuss and Voigt boundaries, is 
plotted in Figure 4.5. Unlike the boundaries which assume stress in the axial direction 
only, the maximum does not reach the modulus of the lone nanotubes. Taking into 
account the modulus in the transverse direction, the model’s maximum reaches 
roughly 140 GPa. The Gojny model was also plotted with varying nanotube diameter 
and length (Figures 4.6 and 4.7, respectively) to show the importance of these  
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Figure 4.1: Schematic of expected mechanical properties (y-axis) with increase in filler loading (x-
axis). At no loading, mechanical properties fully take on that of the unfilled medium. Full loading 
results in mechanical properties approaching that of the bulk filler. This model assumes isotropic 
behavior. 
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parameters on the predicted properties. It is clear that very little improvement occurs 
from using nanotubes of higher length, thus validating the assumption of nanotube 
length. Nanotube diameter, however, shows a dramatic influence on predicted 
modulus; therefore, all diameters noted in literature were used. Where nanotube 
diameters are not reported, the above assumption was used based on nanotube type. 
Literature-reported Young’s moduli values, plotted in Figure 4.2, are compared 
with the boundaries as well as the predictive model. It is expected that the data 
generally lie on or slightly above the y=x line on the Reuss comparison (shown in 
Figure 4.3). Data lying beyond this region are also examined. For example, a 
molecular dynamics simulation reports a modulus of over 1500% higher than the neat 
DGEBA matrix; this data point is a strong outlier on all three models.  Another 
outlying data point, in this case lying well below the Reuss boundary, is the result of 
decreased Young’s moduli of composites loaded with SWNT and MWNT. Here, a 
magnetic field was used in an attempt to align the nanotubes into an epoxy system 
containing a mixture of several bisphenol A-based resins. When compared to the neat 
modulus, referenced in the paper, the modulus of the composite showed a consistent 
decrease upon increased magnetic field. 
Data compared to the Voigt boundary (Figure 4.4) were expected to lie far below 
the y = x line. A modulus value reported by Loos, et al., lied directly on the Voigt 
boundary, far higher than expected. This composite, a bisphenol-based resin with an 
aliphatic hardener containing triethylenetetramine, was loaded to 0.25 wt % SWNT. 
Young’s modulus was reported to be 1.6 x 10-2 GPa, clearly indicative of a rubbery 
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system or incomplete cure; this explains the dramatic increase in modulus of over 
4600 %.   
Data points compared to the Gojny model lie on or near unity, with a few 
exceptions. One of which was the use of cup-stacked nanotubes in a bisphenol-A 
system, resulting in moduli well below the Gojny model [18]. In this report, higher 
concentrations of nanotubes were added to the epoxy system, and the highest increase 
was approximately 47 % at 6 wt %. Above this concentration, the modulus began to 
decrease. Overall composite moduli were lower than predicted. 
Further studies on epoxy-amine systems have experimented with adding a higher 
concentration of amine hardener to the epoxy [43]. In this case, the modulus of the 
neat system, 2.45 GPa, indicates a fully-cured epoxy system. The addition of 
nanotubes causes a slight reduction of the modulus, measured at 2.44 GPa, with a 
loading content of 0.5 wt %. 
Other studies have reported far lower moduli of their neat epoxy systems, followed 
by dramatic increase upon the addition of nanotubes. In a paper by Li, et al. [19], a 
modulus of less than 1.5 x 10-3 GPa was obtained for the neat epoxy system. The 
epoxy used in this study, a polyglycol di-epoxy resin, was designed specifically for 
use in systems requiring high flexibility or rubbery properties. The addition of 
nanotubes increased this low modulus by approximately 50 %. Again, a modulus as 
low as this is not typical of any fully-cured epoxy system eligible for use in structural 
applications. In general, the reported moduli showed a dramatic increase when 
nanotubes were loaded into rubbery systems, and little to no improvement – if not a 
decrease – in fully-cured systems. 
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Chemical functionalization of nanotubes has been studied as a method of creating 
interfacial adhesion between the nanotubes and the polymer system. Gojny, et al., 
investigated the effect of pure and amino-functionalized nanotubes on the mechanical 
properties of a bisphenol A-based epoxy systems [16 , 17]. Upon the addition of 0.1 
wt % pure and functionalized DWNT, respective improvements to each composite 
were approximately 1.5 % and 6.1 %, respectively.  
4.2.2 Fracture Toughness 
Improvement of fracture toughness is also of interest in nanotube-based systems, as 
these composites may be used for design applications with resistance to crack 
propagation. Fracture toughness, noted by K1C for critical stress intensity factor, is the 
system’s resistance to fracture generally lies in the range of 0.5 - 0.9 MPa*m1/2 for 
epoxy-based systems [21 , 22]. Increased K1c correlates to increased fracture 
toughness. The addition of nanotubes to these systems is expected to yield an 
improvement of both K1C and the general strain-induced toughness, G1C [20]. G1C is 
the energy required to fracture the material.  
K1C values may be determined experimentally using the applied stress and the 
following equation: 
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where  PQ is the load applied to the sample (MPa), B is the thickness of the sample 
(m), and W is the distance from the dowel pin to the far edge of the sample (m), and x 
is the ratio of the length of the crack, a, to W. From the fracture toughness values, the 
strain-induced toughness may be determined by the following equation: 
( )
E
KG CC
2
1
2
1
*1 ν−
=
   ( 4.8 )
 
 
where ν is the Poisson ratio, and E is the Young’s modulus. The Poisson ratio was 
calculated by measuring strain in the longitudinal and transverse directions. 
Measurements were recorded by attaching the strain gauge perpendicularly to the 
sample during testing. Decrease in width upon onset of tensile stress provided strain 
measurements in the transverse direction. 
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Figure 4.2: Comparison of literature-reported values shows wide variation of Young's modulus 
with respect to the modified Halpin -Tsai predictive model. The majority of the reported Young’s 
modulus values lie about the line of unity, indicating higher-than-predicted values.  
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Figure 4.3: Comparison of reported Young's moduli data with the Reuss lower boundary. 
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Figure 4.4: Comparison of reported Young's moduli with the Voigt upper boundary model 
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Figure 4.5: Gojny’s modified Halpin-Tsai model for nanotube-based composites, bounded by Reuss  
and Voigt extremes. 
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 4.3 Experimental 
In order to determine the effect of carbon nanotubes on the mechanical and 
electrical properties of epoxy systems, several different types of nanotubes – MWNT, 
DWNT, and their amine-functionalized counterparts – were dispersed into the 
monomers by shear mixing. Upon full cure of the composite, mechanical analysis and 
resistivity testing was performed to illustrate the performance of polymeric composites 
containing randomly oriented nanotubes, with and without chemical interactions 
between the tubes and the matrix. 
4.3.1 Materials 
Pure and amine functionalized MWNTs and DWNTs were supplied by Nanocyl, 
S.A. (Namur, Belgium). All nanotubes were produced by catalytic carbon vapor 
deposition (CVD). MWNTs and DWNTs were purified via sonication in H2SO4/HNO3 
to 95 % and 90 %, respectively. Functionalization of nanotubes was performed via 
ball-milling in ammonia atmosphere. Resulting amino-functionalization was 
approximately 0.6 % of carbon atoms for both MWNT and DWNTs. Average 
diameters of DWNT and MWNT are 2.8 nm and 15 nm, respectively.  
Diglycidyl ether of bisphenol A (DGEBA) epoxy resin was obtained from Miller-
Stephenson, Inc. DGEBA, of trade name EPON828®, and is shown in Figure 4.8. It is 
a difunctional viscous epoxy resin with n = 0.12. DGEBA was mixed with bis-(para-
aminocyclohexyl) methane (PACM), a tetrafunctional cycloaliphatic amine hardener 
provided by Air Products, Inc. The molecular weight of PACM is 210 g/mol. 
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DGEBA was dried in vacuum at 100 ºC for 24 hrs. Nanotubes were mixed with 
DGEBA at 1 wt % concentration by shear mixing. Mixing was performed with a 
THINKY rotational, orbital mixer at 1000 rpm for 3 min. Nanotube-DGEBA mixtures 
were heated to 100 ºC for 24 hr. Mixtures containing 2 wt % nanotubes were created 
using the same procedure. DGEBA was added to 1 wt % mixtures to make solutions 
from 0.001 to 1 wt. % nanotube concentration. PACM was added in a 100:28 epoxy to 
amine ratio. After mixing at 1000 rpm for 3 min, samples were poured into molds and 
cured at 80 ºC for 2 hr, followed by a post-cure at 165 ºC for 2 hr. 
Amine-functionalized DWNT and MWNT contain functionalization of 0.6 atomic 
%. Therefore, the addition of PACM was modified for these networks to maintain 
stoichiometric ratio. 
4.3.2 DMA and DSC 
Glass transition temperature, Tg, was evaluated for all composites using a TA 
Instruments 2980 Dynamic Mechanical Analyzer (DMA) in single-cantilever mode. 
Temperature scans were performed at 2 ºC/min within the range of 30 to 200 ºC at a 
frequency of 1 Hz and amplitude of 15 µm. Complementing Tg values derived via 
DMA, Differential Scanning Calorimetry (DSC) was used on fully-cured sample 
specimens ranging from 6 - 11 mg. DSC scans were performed at 5 ºC/min from 0 ºC 
to 300 ºC with a TA Instruments Q2000 DSC. 
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Figure 4.6: Gojny model with varying nanotube diameters illustrates the considerable influence of 
changes in nanotube diameter on the overall mechanical properties of the composite. 
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Figure 4.7: Gojny model with varying nanotube length indicates negligible effect of length on the 
overall mechanical properties of the composite. 
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     bis-(para-aminocyclohexyl)methane (PACM) 
 
Figure 4.8: Chemical structures of DGEBA and PACM indicate a difunctional epoxy resin paired 
with a tetra-functional cyclo-aliphatic amine. Each of the two monomers were combined in 
stoichiometric ratio to render a fully-cured polymer network. 
 
 
O
O
CH3
CH3
O
OH
O CH3
CH3
O
O
n
147 
 
4.3.3 Fracture Toughness 
In order to determine the critical strain energy release rate, GC, and fracture 
toughness, K1C, mechanical testing was performed on compact tension specimens in 
accordance with ASTM standard D-5045. G1C measures the energy required to fracture 
a specimen, while K1C describes the sample’s resistance to fracture. Each parameter is 
measured from a scored pre-crack in the sample. 
Sample specimens were prepared with the previously described epoxy and amine 
monomers with nanotube concentrations up to 1 wt %. Specimen preparation for 
compact tension testing is illustrated in Figure 4.9. Composite bars were produced 
with dimensions 80 mm x 12 mm and were milled to thickness of 6.0 mm. From each 
composite bar, six to eight samples were produced with dimensions of 12 mm x 6 mm 
x 12 mm, as shown in Figure 4.10. Preparation of each sample was performed by 
boring two holes and one centerline notch as specified by ASTM  D-5045 standard. A 
schematic is also shown in the figure, where a is the distance between the bored hole 
and the scored notch, B is the sample thickness, and W is the distance between the 
bored hole and the opposite end of the sample. A pre-crack in each sample was created 
by scoring the notch with a fresh unused razor blade. The label, l, is the distance 
between the scored pre-crack and the opposite end of the sample. Each sample was 
secured to the actuator and 25 kN load cell of an Instron 8872 mechanical analyzer by 
stainless steel dowel pins (inserted into the milled holes). Compact tension tests were 
performed at room temperature and a crosshead speed of 0.1 mm/min recorded the 
maximum load applied to the specimen before fracture. Evaluation of K1C and G1C 
values was performed on the basis of at least 6 specimens. 
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Figure 4.9: Fracture toughness specimens were made of neat and NT-reinforced epoxy-amine 
networks. 
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Figure 4.10: Fracture toughness testing was performed according to ASTM standard 5045 for 
compact tension specimens 
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Figure 4.11: The tensile testing setup for nanotube-epoxy composites was performed using 
opposing jaw faces with a 2.4 cm strain gauge. During testing of transverse modulus, the strain 
gauge was rotated 90º in order to measure changes in width upon tensile strain. 
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4.3.4 Mechanical Characterization 
Tensile samples were milled to uniform thickness and cut into rectangular 
specimens of the following dimensions: 3 in x 0.5 in x 0.125 in. Tensile testing was 
performed with an Instron 8872 mechanical analyzer with a strain gauge extensometer 
with a gauge length of 12.5 mm. The testing assembly is shown in Figure 4.11. 
Specimens were tested at a crosshead speed of 1.0 mm/min to 0.5 % strain. Young’s 
modulus data for each specimen was calculated from the stress-strain curve, and 
moduli were evaluated on the basis of five individually tested specimens. 
4.3.5 Viscosity Measurements 
The viscosity of all nanotube-epoxy mixtures at 1 wt % loading was measured 
with a Brookfield Digital Viscometer using a #23 rotating spindle at varying rpm. 
Density measurements of nanocomposites were performed by suspending samples 
from a digital balance. Suspended samples were submerged in water. Weight readings 
shown on the balance were correlated to displaced volume. Final density calculations 
were obtained by dividing the weight of each sample by displaced volume.  
4.3.6 Density Measurements 
In order to assess the occurrence of foaming – and resulting voids – and its effect 
on the tensile properties of the composite, density measurements were performed. 
Composite samples were affixed to a wire connected to an overhead scale. The 
composite was then immersed in distilled water. The density, ρ, was measured by 
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comparing the weight of the immersed composite, MH20, with its dry weight, Mdry, by 
the equation: 
 
( )OHdry
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=ρ
     ( 4.9 ) 
4.3.7 Scanning Electron Microscopy 
SEM was used to characterize the presence of carbon nanotubes within the 
composites as well as to assess void volume. Sample imaging was performed in 
vacuum with an FEI XL30 Field Emission Gun Environmental Scanning Electron 
Microscope at an acceleration voltage of 10 keV. In order to prevent charge build-up 
and degradation, samples were sputtercoated with Pt/Pd prior to imaging. 
4.4  Results and Discussion 
4.4.1   Uniformity of Nanotube Dispersion 
Cured polymer-nanotube composites containing MWNT and DWNT show marked 
differences in homogeneity of dispersion, as shown in Figures 4.12 and 4.13. 
Composites containing pure MWNT and DWNT show large nanotube agglomerates. 
Despite shear mixing of nanotubes into monomers, agglomerate diameters reach the 
millimeter range. Dispersion of NH2-MWNT and NH2-DWNT, however, show highly 
uniform dispersion with identical nanotube weight concentrations and mixing method. 
Greater stability in systems containing amine-functionalized tubes suggests that the  
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Figure 4.12:  Optical photographs of composites containing MWNT is concentrations in the range 
of 0.01 – 1 wt % 
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Figure 4.13: Optical photographs of composites containing DWNT is concentrations in the range 
of 0.01 – 1 wt % 
 
155 
 
onset of nanotube-polymer interactions, as well as interrupted van der Waals 
interactions have occurred. 
 NT-epoxy mixture viscosities ranged from 20000 cP, as seen in neat epoxy, to 
88000 cP, as seen in the mixture containing 1 wt % MWNT in Figure 4.14. Mixtures 
containing DWNT exhibited considerably lower viscosity than those containing 
MWNT. In addition, amine-functionalization of both nanotube types reduced the 
viscosity of their mixtures, which may be linked to improved wetting, improved 
dispersion and reduced agglomeration. 
4.4.2 Young’s Modulus 
Young’s moduli of nanotube-epoxy composites were measured from the slope of 
stress-strain curves in tension; the results are shown in Figure 4.15. In MWNT-based 
composite systems, the addition of amine functionalities generally results in higher 
modulus than unmodified MWNTs of the same weight concentration. In addition, at 
0.01 wt % concentration, an increase of 2.5 % over that of the neat system is exhibited 
in systems with pure MWNT, and 4.8 % with NH2-MWNT. While low nanotube 
concentration shows improvement in modulus, higher concentrations result in 
considerable decrease. Above a nanotube concentration of 0.01 wt %, networks 
containing MWNT, NH2-MWNT, and NH2-DWNT show a slight decrease in 
modulus. The modulus of DWNT shows negligible change with increasing nanotube 
concentration. At a concentration of 1 wt %, the moduli of composites of pure MWNT 
are significantly lower than both the neat DGEBA-PACM system and its NH2-  
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Figure 4.14: Viscosities of NT-epoxy mixtures at varying spindle speed illustrate the importance 
of chemical interactions between nanotubes and monomers. 
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Figure 4.15:  Young’s moduli of NT-epoxy composites indicate no significant improvement of reinforced 
composites. At low loading, Young’s modulus of composites increased by approximately 4 % 
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Figure 4.16: Experimentally-obtaining Young’s modulus values compared to Gojny’s modified 
Halpin-Tsai predictive model 
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MWNT-based counterpart. This could be s result of voids present in the composites 
because, while it was generally observed that modulus increased with the addition of 
nanotubes, voids in the bulk system are known to have the opposite effect.  
Comparison of experimental data to the modified Halpin-Tsai model and the Reuss 
and Voigt boundaries, shown in Figure 4.16, indicate that the moduli are lower than 
the predicted model. This may be explained by the known precipitation at high 
concentration as well as porosity present in the samples. While the modulus does 
follow a rough trend in the correlation between modulus and nanotube content, it is 
also a result of the void volume present in the sample, as shown in Figure 4.17. High 
void volume indicates porosity which may affect the mechanical properties of the 
sample. A correlation is observed between void volume and lowered modulus is also 
observed. For example, composites containing 2 wt % MWNT and NH2-MWNT show 
unexpectedly lower modulus than their DWNT counterparts. The high void volume 
fractions measured for these systems explain this behavior. 
4.4.3 Characterization of Tensile Specimens 
In order to assess porosity exhibited by void volume measurements, nanotube-
reinforced EPON828-PACM samples of 1 wt % MWNT (fractured during tensile 
testing) were imaged and are shown in Figure 4.18. Observed in the fractured samples 
is evidence of bubble formation, indicating considerable extent of porosity, consistent 
with previous void volume measurements. Localized nanotube agglomerates are 
visible, indicative of poor dispersion. Morphology of nanotube bundles show possible 
wetting of the agglomerates by the monomers. Such agglomerates are seen in the form  
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Figure 4.17: Void volume fraction of NT-epoxy composites indicate the influence of porosity on 
Young’s modulus 
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of large nanotube bundles with diameters exceeding 200 nm. Finally, mechanical pull-
out of nanotube bundles is apparent, which suggests poor interfacial bonding and the 
absence of nanotube-network covalent interactions in systems containing non-
functionalized nanotubes.  
Experimental Young’s moduli results were then compared with Gojny’s modified 
Halpin-Tsai model for aligned fibers, shown in Figure 4.16, with the following 
specifications: 
l   =  10000 nm 
d  =  15 nm 
t  =  0.34 nm 
ENT  =  1000 GPa 
EM  =  2.49 GPa 
 
At high concentration, the improvement in modulus does not follow the Gojny 
model. Due to the porosity of some of the samples – mainly those containing high 
nanotube concentration – they show lower moduli than the neat epoxy system. 
However, at low concentrations, the experimental moduli values reach or exceed the 
Gojny predictive model. This indicates that uniform dispersion and low agglomeration 
is achievable at low nanotube content. 
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Figure 4.18: The fractured surface of sample containing 1 wt % MWNT shows high 
degree of porosity as well as the presence of MWNT agglomerates  
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Figure 4.19: Fracture toughness of DGEBA systems containing MWNT, NH2-MWNT, DWNT, 
and NH2-DWNT 
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Figure 4.20: Critical strain release rate, G1C, of NT-epoxy composites at varying nanotube 
concentrations 
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4.4.4 Fracture Toughness 
Upon the increase in nanotube concentration, the K1C showed substantial 
improvement with all nanotube types, as shown in Figure 4.19. K1C values of 
composites containing MWNT improved by 42 %. Amine-functionalized nanotubes 
and nanotube of smaller diameter, exhibited a more dramatic improvement upon 
increased nanotube concentration. The addition of NH2-MWNT, DWNT, and NH2-
DWNT showed improvements of 62 %, 77 %, and 112 %.  Clearly, the effect of amine 
functionalization on fracture toughness is most visible in composites containing NH2-
DWNT, where K1C values reached 1.79 MPa*m1/2 at the maximum nanotube loading 
of 2 wt %. In addition, the use of DWNT, both pure and functionalized, resulted in 
higher fracture toughness than with MWNT.  
Complementing these results are G1C values, shown in Figure 4.20. A significant 
improvement is also seen in G1C upon the addition of nanotubes. With the Poisson 
ratios of the systems exhibiting little change (shown in Table 4.1), G1C values show 
improvement with increasing nanotube content. Small increase results from the use of 
MWNT, while the use of smaller nanotubes – or functionalized nanotubes – provides 
significant improvement. Specifically, NH2-DWNT provide the best improvement, 
enhancing the G1C of the composite by 240 %. These results, in conjunction with K1C 
values, are a strong indication of the importance of both loading concentration and 
surface functionalization on the toughness of nanotube-epoxy composites. 
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Figure 4.21: SEM imaging of fractured compact tension specimens show bridging of nanotubes of 
all types across the composite. Amine-functionalized nanotubes show increased resistance to 
fracture, as seen by their extent of surface texture. 
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Table 4.1: Poisson ratio measurements of NT-DGEBA systems 
 
 
NT wt % 
 
MWNT 
 
NH2-MWNT 
 
DWNT 
 
NH2-DWNT 
 
0 
 
0.34 
   
0.01 0.37 0.38 0.35 0.36 
0.1 0.36 0.38 0.38 0.38 
1 0.34 0.38 0.375 0.33 
0.5 0.39 0.38 0.41 0.38 
2 0.4 0.39 0.4 0.35 
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4.4.5 Characterization of Compact Tension Specimens 
Contact tension specimens containing nanotubes of varying type and functionality 
underwent SEM imaging to characterize the fractured surface. Images are shown in 
Figure 4.21. A considerable difference in composite morphology is evident, especially 
in composites containing amine-functionalized nanotubes compared to those 
containing pure nanotubes. When amine-functionalized nanotubes are added to the 
network, nanotubes are bridged across the network, and a reduction in crack 
propagation results. Such results are promising for composites requiring improved 
durability and higher resistance to interlaminar shear force. Images of amino-
functionalized nanotube composites, taken at 500x magnification, show a higher 
degree of surface roughness, indicative of higher resistance to fracture. At higher 
magnifications, large agglomerations of nanotube bundles are seen in composites 
containing MWNT; agglomeration sizes are reduced in composites containing NH2- 
MWNT. Composites containing NH2-DWNT show the fewest agglomerations as well 
as small nanotube bundles.  
4.4.6  Nanotube Structural Characterization 
MWNT were imaged under TEM in order to characterize the structural 
deformation caused by the amine functionalization process (Figure 4.22). All scale 
bars are measured at 10 nm. The images show the structural pristinity of pure MWNT; 
graphene shells are highly visible, and endcaps are pronounced. Images of 
functionalized MWNT, however, show significant damage to the nanotube structure.  
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Figure 4.22: TEM images of pure (a) and amine-functionalized (b) MWNT indicate the 
deterioration caused by the ball-milling process used to amino-functionalize MWNT. Samples 
exhibit severely deformed shell structure and end caps. 
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DMA 
 
ºC 
  
 
 
MWNT 
 
NH2-MWNT 
 
DWNT 
 
NH2-DWNT 
0 159    
0.01 159 158 158 156 
0.1 158 161 155 158 
0.5 166 165 174 170 
1 160 160 162 160 
2 169 169 168 165 
 
    
 
 
DSC 
 
ºC 
  
 
 
MWNT 
 
NH2-MWNT 
 
DWNT 
 
NH2-DWNT 
0 153    
0.01 155 153 157 156 
0.1 155 158 157 154 
0.5 155 159 156 159 
1 159 161 158 159 
2 154 156 150 154 
 
Table 4.2: Tg (ºC) of NT-epoxy composites using DMA and DSC indicate no influence on 
nanotube interspersion on composite Tg when stoichiometry is modified to accommodate amino-
functionalization 
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Reduction of outer shells is observed – a consequence of the functionalization process. 
All TEM images shown here are representative of the sample. 
4.4.7  Tg of NT-Epoxy Composites 
DMA and DSC were used to determine the Tg of nanotube-DGEBA systems, as 
shown in Table 4.2. The Tg of the neat system was determined as 159 ºC and 153 ºC, 
respectively. All DMA-obtained Tg values lied within the established range of this 
particular epoxy-amine system. Trends in Tg, measured with both DMA and DSC 
showed no significant change as nanotube content increased. DSC values were 
consistent with increased content.  
4.4.8  Bulk Conductivity 
From these measurements, conductivities of nanotube-reinforced epoxy-amine 
systems were measured, as shown in Figure 4.23. As shown in the figure, epoxy-
amine networks containing pure MWNT and DWNT exhibit higher conductivity than 
their amine-functionalized counterparts. Amine-functionalized nanotubes are, on 
average, 50 % shorter than non-functionalized nanotubes. Therefore, percolation may 
be achieved at lower concentration with pure nanotubes, provided they are completely 
dispersed. However, as shown in sample photographs in Figure 4.12 and Figure 4.13, 
pure nanotube-epoxy systems exhibited significantly larger agglomerations than their 
functionalized counterparts. In fact, MWNT agglomerations in epoxy-amine networks 
were large enough to span the thickness of samples. In addition, it has been shown that  
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Figure 4.23: DC bulk conductivity measurements indicate increasing conductivity with higher 
nanotube loading. NH2-MWNT composites exhibit lower conductivity than pure MWNT, 
illustrating the deteriorative effect of functionalization 
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high nanotube concentrations exhibit precipitation of nanotubes. Such inhomogenous 
behaviors adversely affect true bulk conductivity measurements. 
4.5  Conclusions 
The synthesis of nanotube-based polymer composites, while a promising method 
to improve the mechanical properties, has shown a wide range of results, depending on 
the type of system used and the method of curing. In an effort to provide a realistic 
idea of the extent of reinforcement nanotubes provide, we added nanotubes to a well-
understood epoxy-amine system. The improvement provided by both pure and 
functionalized nanotubes show improvements in Young’s modulus while maintaining 
the highly cross-linked structure of the base system. However, the results obtained 
from tensile testing show marked differences in moduli than previously reported 
literature, suggesting that those neat systems exhibit incomplete cure, or the cure 
behavior is not understood. Therefore, while the addition of nanotubes to rubbery 
epoxy systems show remarkable improvement of Young’s modulus, systems having 
glassy behavior – required for composites in structural applications – show far less 
improvement upon nanotube addition. Nanotube-epoxy composites also showed a 
considerable improvement in fracture toughness over that of the neat system, and K1C 
showed a general increase upon increased nanotube loading as well as the addition of 
nanotube containing surface functionalities. Finally, conductivity measurements have 
shown that two phenomena – length of MWNT and incidence of large nanotube 
agglomerations – cause increased conductivity readings, despite the gross lack of 
homogeneity in the latter. 
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CHAPTER 5 ELECTRON BEAM MODIFICATION OF 
NANOTUBES 
 
We report the use of high-energy electron beam (EB) irradiation as a new and less 
destructive method of nanotube modification. By subjecting nanotubes to varied doses 
of linear accelerated EB irradiation under ambient environment, we have discovered 
interesting behavior of nanotubes subjected to EB. In addition, the irradiation of 
nanotubes under altered environment, such as ammonia, has resulted in the grafting of 
chemical constituents to nanotubes.  
5.1 Introduction 
Despite the potential of carbon nanotubes to improve the properties of composites, 
van der Waals interactions between nanotubes as well as their highly stable graphitic 
structure render them insoluble in water, organic solvents and most monomers. As a 
result, nanotubes separate from solution, and their excellent material properties are not 
realized on a macroscopic scale. Furthermore, in order for nanotube-reinforced 
systems to be structurally enhanced (allowing for load transfer from the bulk material 
to the nanotube filler), covalent interactions between nanotubes and the polymer 
chains are preferred. Without their covalent dispersion into a polymer system, their 
high strength and elasticity provide little improvement to the material properties of the 
system. Various methods of chemical modification of nanotubes are being conducted 
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to covalently disperse nanotubes into different media. However, many of these 
methods induce high deformation to the nanotubes graphitic structure, which may 
damage or destroy the nanotube. Such methods include irradiation through focused a 
Transmission Electron Microscope (TEM) beam [5] and inorganic acid oxidation [6]. 
TEM has previously been used to irradiate nanotube samples. Such focused irradiation 
has been known to cause local deformation, nanotube-nanotube fusion, or total 
collapse of the nanotube [4 , 5 , 9].   
In this study, Raman Spectroscopy is commonly used to characterize MWNT at 
both pristine state (pure) and after various EB irradiation doses. Characterization of 
the level of molecular deformity in irradiated nanotubes will provide insight into 
further functionalization of nanotubes best suited for large-scale materials processing 
applications. In addition, irradiation can serve as an alternative initiation step for 
current chemical functionalization methods such as those required for amino-
functionalized nanotubes [7 , 8].  
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Figure 5.1: Schematic of LINAC EB process depicts a scanning horn used to deliver irradiation 
semi-uniformly over the horn span. 
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Figure 5.2: Schematic of high-energy LINAC EB shows that the modification of MWNT produces 
active site capable of further Functionalization with chemical groups. When performed in various 
environments, it is envisioned that nanotubes may achieve select functionality. 
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5.2  Experimental 
5.2.1 Materials 
Pure MWNT used for EB irradiation were commercially produced by electric arc 
discharge method and purified and supplied by SES Research (Houston, TX). MWNT 
diameters ranged from 10 - 20 nm, as confirmed by TEM studies. In order to be able 
to characterize minute amounts of amine-functionalities, SWNTs were introduced into 
EB studies. SWNTs were produced by a gas-phase reaction of iron carbonyl and high 
pressure carbon monoxide (HiPCO) and supplied by Carbon Nanotechnologies Inc. 
EB irradiation in ammonia atmosphere was performed by via continuous flow of 
anhydrous ammonia. 
5.2.2 EB Irradiation 
EB irradiation was performed with a research-grade pulsed linear accelerator 
(LINAC) supplied by Electron Solutions, Inc (Sommerville, MA). The facility is 
housed at the National Composites Center in Kettering, OH, and is sponsored by the 
University of Dayton Research Institute (UDRI). The LINAC is powered at 3 MeV / 
500 W with an S-Band RF LINAC EB gun. It is shielded by a 12 in thick walk-in 
concrete vault. It is capable of irradiating samples up to ½ in thick.  
Separate MWNT samples, each containing 20 – 50 mg dry MWNT powder, were 
sealed into glass vessels (shown in Figure 5.3) and irradiated in normal atmospheric 
environment at 3.5 kGy/min under an electron beam operating at 3.5 MeV. MWNT 
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samples were irradiated for various times – achieving doses ranging from 5 - 1000 
kGy – to achieve the desired irradiation doses. The use of EB as a novel modification 
method is illustrated in Figure 5.1 and Figure 5.2. As pure MWNT are exposed to EB 
irradiation, active centers are created. These active centers can then be functionalized 
to hold “R” chemical groups to be used in dispersion processes. 
Nanotubes also underwent irradiation in anhydrous ammonia environment. 
Ammonia flowed continuously through the vessel, across nanotube samples. EB 
irradiation was performed at up to 300 kGy. Following irradiation, the ammonia was 
purged, and the vessel was sealed. 
5.3 Results and Discussion 
Pure and EB-irradiated nanotubes underwent Raman characterization to determine 
the level of deformation in their graphitic structure. Spectroscopy was performed on 
nanotube bundles under ambient temperature and pressure. A total of 100 scans were 
taken of each of ten nanotube samples. Samples were characterized using a Renishaw 
RM1000 Spectrometer with an Ar+ ion laser, 514 nm (2.41 eV). Incident and scattered 
beams were focused with a 50x objective and laser spots with resolution as low as 2 
µm. All tests were performed at room temperature in ambient environment. 
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Figure 5.3: Glass vials containing pure nanotubes underwent LINAC EB irradiation under 
controlled environment in order to impart chemical functional groups onto the nanotube. 
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Structural integrity and deformation of pure and EB-irradiated nanotubes was 
characterized using Raman spectroscopy under ambient conditions. Specifically, the 
relative heights and frequency of the disorder (D) and graphitic (G) bands were 
analyzed to determine the extent of deformation of EB-irradiated MWNT compared to 
pure MWNT. As the spectra illustrate, a heightened D band is apparent in the range of 
1320 – 1375 cm-1. Coinciding with increased intensity of the D band is a decreasing G 
band at 1585 cm-1. This behavior is indicative of heightened extent of structural 
modification, increased deformation to the nanotube, and a change from the normal 
sp2 hybridization in pure MWNT to sp3 within the irradiated sample [9]. 
In the spectra, a heightening of the D band correlates with a lowered graphitic (G) 
band. Raman spectra of pure MWNT show an intense G band accompanied by a 
shallow D band. As EB dose increases, a heightening of the D band and lowering of 
the G band are observed. To normalize this relationship, D to G intensity ratios were 
calculated and plotted in Figure 5.5 for Raman spectra obtained at each EB dose level. 
From the plot, there is a general upward trend between EB dose and D:G ratio that can 
also be correlated with changes in the nanotube structure.  
Also observed is a horizontal shift of the D band to lower frequency with increased 
EB dose. Also observed is a downshift in the D-band frequency by 55 cm-1, while the 
G band remains at 1585 cm-1. Decreasing D band frequencies seen in the spectra are 
plotted in Figure 5.5.  From this plot, an asymptotically decreasing trend in D band 
frequency is observed with increasing EB dose. This frequency shift may be a result of 
strain placed on carbon-carbon bonds, induced by irradiation, upon which, bonds are 
elongated, thus becoming weaker. 
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Thermogravimetric Analysis (TGA), performed on a TA Instruments Q50 
instrument, was used to determine the extent of structural deformation and instability 
of irradiated nanotubes. MWNT samples weight were between 8 and 15 mg. Samples 
were heated at a ramp rate of 10 ºC/min to 1000 ºC in under air environment with a 
volumetric flow of 50 mL/min. Weight of each sample was measured prior to 
characterization. The inflection of the plotted weight loss of each sample, named the 
decomposition modulus, was determined from the maximum derivative of TGA 
graphs, as illustrated in Figure 5.7. 
A decreasing trend of the decomposition temperature with respect to EB dose is 
observed among nanotube samples. Maximum decomposition temperatures of 
nanotube samples showed a difference of less than 26 ºC within the 0 - 1000 kGy EB 
range – less than 1 % variance from the decomposition temperature of pure nanotubes. 
In order to determine the precision of the TGA instrument, multiple TGAs were taken 
of pure nanotubes. A baseline standard deviation of 5.23º was calculated from multiple 
TGAs taken of pure nanotubes. Since TGA requires a relatively high sample mass, 
little deviation is expected from samples containing the same irradiation dose. 
Obviously, the standard deviation of the pure nanotubes is very low (<1% variance).  
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Figure 5.4: Raman spectra of pure and EB-irradiated MWNT.  Raman spectra obtained using 
Ar+ ion 514.5 nm (2.41 eV) laser excitation with ~2 µm spot size.  Heightened D band is observed 
with increasing EB dose. Broadening and wavelength shift of the D band is also observed, and is a 
result of  relaxing of the tube upon irradiative stress. 
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Figure 5.5: Ratio of D:G band intensities with respect to EB dose indicate increasing deformation 
to nanotube samples upon irradiation 
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Figure 5.6:  D band horizontal (frequency) shift with respect to EB dose indicates relaxing of the 
graphitic structure upon increased irradiative stress 
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Figure 5.7: TGAs of pure and irradiated MWNT. The 
decomposition temperature is indicated by the maximum 
derivative. A decreasing relationship was determined of the 
decomposition temperature and EB dose. 
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The small scale and complex structure of MWNTs require more powerful imaging 
techniques such as HR-TEM to compare the structural integrity of pure and EB 
MWNT. The presence of amorphous carbon on pure MWNT is indicative of 
deformation of the outermost graphitic layers, while a highly crystalline (graphitic) 
structure is evident otherwise.  
Raman analysis was supplemented with TEM imaging (Figure 5.8) to confirm that 
the nanotubes remained intact, despite high EB doses and correlating heightened D 
bands. TEMs of pure and irradiated nanotubes exhibit very little difference in 
nanotube diameter with EB dose, and visible defects on the surface are minimal. In 
addition, breakage and reduction in length are not apparent. Therefore, TEM imaging 
has qualitatively confirmed that EB irradiation induces surface modification without 
significant structural deformation.  
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Figure 5.8: TEMs of pure MWNT (a,b) and EB-irradiated MWNT (c,d) indicate that the tubular 
structure and integrity of concentric shells of nanotubes are upheld, in spite of high EB dose (900 
kGy) 
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EB studies were then modified in order to graft amine functional groups onto 
nanotubes during low-dose irradiation of SWNT and MWNT in gaseous ammonia, 
rather than air (as previously studied). In this study, samples were placed in closed 
vials and filled with ammonia to atmospheric pressure. The vials were irradiated for 
various times to achieve doses ranging from 50 kGy to 300 kGy.  
Raman was again used to determine the deformation from EB. Raman Spectra of 
SWNT and MWNT exhibited similar increases in D:G peak ratio as seen in our 
previous study. Comparison of D:G peak ratios of SWNT irradiated in air and 
ammonia are shown in Figure 5.10 below. D:G peak ratios of pure, air-irradiated, and 
ammonia-irradiated SWNT were plotted with irradiation dose, showing increasing 
trends in both types of irradiated SWNT. Ammonia-irradiated SWNT exhibit higher 
deformation with irradiation dose than air-irradiated SWNT. Due to the high standard 
deviation in MWNT deformation under EB and the wide range of natural surface 
deformities of pure MWNT, comparisons could not be performed at lower irradiation 
levels.  
The extent of functionalization on irradiated nanotubes was characterized by X-
Ray Photoelectron Spectroscopy (XPS) to determine their elemental chemical 
compositions. Table 1 shows the presence of nitrogen at higher concentration in 
ammonia-irradiated nanotubes than air-irradiated and pure nanotubes, as well as 
decreased oxygen content. Nitrogen concentrations of EB-irradiated nanotubes in air 
and ammonia are 0.40 and 0.45, respectively, compared to 0.20 for pure nanotubes. 
Since XPS analysis shows only the atomic constituents of a sample, solvent-
conductivity  
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Figure 5.9: Schematic of an open EB irradiation setup containing ammonia atmosphere. During 
irradiation, reaction of ammonia with EB-induced active sites creates covalently bonded 
functional groups 
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Figure 5.10: Intensity ratios of pure and irradiated SWNT indicate that 
nanotubes irradiated in ammonia atmosphere exhibit modification more readily 
than an ambient environment. 
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Table 5.1: XPS data of pure and irradiated MWNT 
 
 
 Mass % C Mass % O Mass % N 
 
MWNT 
(pure) 
 
98.34 
 
1.45 
 
0.20 
EB-MWNT 
(air) 
97.75 1.85 0.40 
EB-MWNT 
(NH3) 
98.78 0.78 0.45 
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measurements will be taken to quantify the dissociation of amine groups. Results can 
then be analyzed to determine the concentration of amine groups on the surface. 
5.4 Conclusions 
In summary, the surface modification of MWNT, performed via high-energy EB 
irradiation, has proved an effective, but mild, modification technique. Characterization 
via Raman Spectroscopy has illustrated the extent of modification and low incidence 
of deformation to the nanotube’s structure when compared with current functionalized 
nanotubes. Nanotubes exposed to EB have shown a consistent increase in deformation 
as EB irradiation dose increases. This provides a basis for assessing the optimum level 
of deformation (due to changes in carbon atom state of hybridization) for the 
functionalization of nanotube surfaces while maintaining the graphitic structure. The 
high-energy EB irradiation may therefore allow for chemical functionalization of 
nanotubes without total destruction of the nanotube or significant decrease in its 
mechanical and material properties, thus allowing for the covalent dispersion into 
various media that provide increased strength, elasticity, and electrical conductivity to 
material systems. 
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CHAPTER 6  CONCLUSIONS 
6.1 Summary 
The goal of this work was to contribute to the design of advanced environmental 
sensors by incorporating a novel nanoporous network with an electrically conductive 
filler. The development of advanced substrates capable of absorbing and identifying 
gaseous permeants are the driving processes of environmental sensing, and have led 
the research thrusts discussed in this report: 1) investigation of the physical, electrical, 
and mechanical properties of nanomaterials such as carbon nanotubes; 2) investigation 
and design of novel methods to modify or chemically functionalize the surface of the 
nanotube to provide better dispersion into media such as water, solvents, and 
monomers; 3) characterization of the mechanical and electrical properties of bulk 
nanotube-reinforced epoxy-amine composites and subsequent verification of 
previously-reported results using similar systems; and 4) design and characterization 
of nanotube-reinforced nanoporous epoxy-amine networks, leading to the 
development of high surface area substrates capable of adsorbing gaseous 
contaminants. The achievement of these research thrusts has enabled us to design a 
sensing substrate as well as provide fundamental tools for expanding the capabilities 
of these substrates using common physical and chemical modifications. 
This work has succeeded in developing and characterizing a family of carbon-
based nanocomposites derived from a well-known epoxy-amine matrix and a novel 
nanoporous network. Because of the intense investigation of the properties of a 
relatively little known nanomaterial as well as the employment of a high surface area 
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nanoporous network we have developed and characterized a conductive and reactive 
substrate capable of contaminant sorption and, ultimately, environmental sensing.  
6.2 Environmental Sensors and Sensing Mechanisms 
In Chapter 1, we introduce and categorize the various types of sensors, including 
the current e-nose, as an array of polymeric thin films with a percolation of carbon 
black to provide conductivity. The array performs by selectively adsorbing specific 
permeant molecules, causing swelling. Swelling then separates the carbon black 
particles, thus discontinuing the percolation. The resulting drop in conductivity of each 
member of the array is measured in order to “fingerprint” the contaminant. 
From our analysis of the e-nose and other sensing devices, we define the type of 
substrate which must be designed while considering requirements of size and 
reliability for environmental sensors in closed vehicles, such as aerospace vessels. To 
achieve improvement in performance and reliability over current environmental 
sensors, it is desired to reduce error in current designs by creating a polymer array of 
high surface area, electrically percolated polymeric substrates. Given the candidates 
for providing such a percolation, it is desired to use a high aspect ratio filler, as it 
provides percolation at lower concentrations as well as higher specific conductivity. In 
addition, these substrates would have select reactivity in order to provide sorption and 
subsequent swelling. The result of this improvement was expected to provide excellent 
performance and reduced error. 
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6.3 Carbon Nanotubes as Composite Reinforcement 
Chapter 2 reports our investigation of nanotubes as a novel nanomaterial, 
including their advantages over traditional conductive fillers, their discovery and 
initial characterization, and their current use in composites. We discuss the chemical 
nature of the nanotube as well as their excellent mechanical and electronic properties. 
Finally, we document previous reports of carbon nanotubes as reinforcing fillers in 
epoxy-amine systems. From this, we have shown that the understanding of the 
influence of carbon nanotubes on polymeric composites lies not only in the nature of 
the nanotubes, but in the understanding of the base polymer. From this analysis of the 
material and their use in composites processing, we define how nanotubes must be 
implemented into polymeric composites in order to design improved conductive 
sensing substrates. 
Carbon nanotubes, with their exceptionally high aspect ratio, conductivity, and 
chemically stable graphitic bonded structure, pose an excellent candidate for 
percolated polymers. Depending on the production method, nanotubes may vary in 
size from one cylindrical shell to hundreds of concentric shells, and their lengths may 
approach the centimeter scale. In addition, they allow for high current density and 
conductivity approaching that of copper.  These and many of their properties owe 
themselves to the graphitic, sp2 hybridized structure nanotubes possess. 
Mechanical properties of nanotubes make them excellent candidates for 
composites development, but their chemical structure causes them to agglomerate 
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readily. In addition, their dispersion in media such as water, solvents, and monomers is 
poor. An objective of our work was to overcome the 
6.4 Nanoporous Nanotube-Reinforced Composites 
In Chapter 3, we employed nanotubes of several types – MWNT, DWNT, NH2-
MWNT, and NH2-DWNT – as a conductive filler for nanoporous sytems. It was our 
contention that the dispersion of functionalized nanotubes will induce self-alignment 
of nanotubes, resulting in an electrical percolation at ultra-low concentration. By 
invoking the capability of amine-functionalized nanotubes to interact with epoxy 
monomers, we have achieved a self-aligned, high surface area composite upon from a 
random dispersion of filler. 
SEM imaging has shown that nanotubes have self-aligned into the polymer struts 
of the network, as indicated by a fibrous morphology of the network not seen in virgin 
nanoporous networks. The addition of nanotubes has clearly altered the pore structure 
and serves as evidence of covalent dispersion and wetting. Despite successful 
alignment of nanotubes, future remains to characterize the altered morphology of the 
nanotube-reinforced nanoporous network and its effect on surface area, void volume, 
and pore structure. 
Conductivity profiles of nanotube-reinforced networks were instrumental in 
developing advanced sensing substrates. The profiles of conductivity data indicate that 
nanotubes percolate the nanoporous network at mass concentrations on the order of 
10-4. This range of concentrations lies far below any system with randomly dispersed 
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nanotubes to date. The lowest percolation threshold achieved was 3.4x10-4 for 
networks containing NH2-DWNT. This indicates the influence of nanotube size and 
functionality on their ability to self-align into such a network; percolation threshold is 
nanotube-reinforced systems. Conductivity studies were also performed on samples 
immersed in vaporous THF environment, showing conductivity drop with increasing 
time. Finally, the swelling behavior of the nonporous systems was also characterized 
into order to determine the diffusion coefficient of vaporous THF in a glassy epoxy-
amine system. This diffusion coefficient was used to profile the swelling behavior of 
the nanoporous network. Results have determined that the sorption of THF into the 
nanoporous system is limited by diffusion of THF through the system.  
Finally, we have achieved “sensing” of this substrate in THF sorption studies. 
Based on sorption of vaporous THF into the nanoporous network and its nonporous 
counterpart, we have determined the diffusivity of vaporous THF in the bulk epoxy-
amine system. 
Further research contributions should investigate the apparent diffusivities of 
nanoporous composites with various porosity. In addition, characterization of the 
nanoporous structure and the morphological changes that occur during the onset of 
sorption would be beneficial to understand the mechanisms which inhibit vaporous 
THF diffusion through the porous network. 
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6.5 Mechanical Reinforcement of Nanotube-Epoxy Composites 
Chapter 4 discusses the nonporous counterpart to this system, and the mechanical 
and electrical improvement provided by nanotubes. While Young’s modulus of the 
epoxy-amine composites exhibited little improvement upon the addition of nanotubes, 
fracture toughness increased significantly, with the largest increase provided by NH2-
DWNT. In addition, Young’s moduli were compared with literature and models to 
determine the influence of nanotubes on the mechanical properties of a glassy and 
fully cured system such as ours. Finally, conductivity studies were performed in order 
to further understand the influence of randomly oriented nanotubes on the conductivity 
of a bulk matrix.  
It is concluded that the addition of nanotubes to a fully cured and glassy epoxy 
matrix provides little improvement to the Young’s modulus of the composite, despite 
the theoretical models which predict significant improvement. Reasoning for why the 
literature-derived data trend towards the model lies in the nature of the system; a wide 
population of reported data present significantly improved moduli on a system that is 
not glassy, but rubbery. It is our conclusion that, while wetting may take place 
between nanotubes and monomers, load transfer between the matrix and the nanotubes 
is poor, thus nanotubes provide little improvement. 
Despite poor improvement in Young’s modulus, the addition of nanotubes has led 
to significant improvement in fracture toughness of the composite. In addition, 
improvement in toughness increases at increased nanotube concentration. Results of 
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this study may be applied towards large scale structural applications requiring 
improved toughness. 
Conductivity studies of nanotube-reinforced matrices have determined that 
randomly oriented nanotubes, both pure and functionalized offer improvement in bulk 
conductivity. Systems such as ours are thus suited very well for structural composites 
requiring conductivity for large scale electrical obstacles such as charge dissipation. 
Future work may delve into the charge density of these composites and 
characterization of the conductive integrity of nanotube-reinforced epoxy systems. 
Exploration of large-scale processing of these composites for structural applications is 
also suited. 
6.6 EB Functionalization of Nanotubes 
Lastly, Chapter 5 discusses a novel method to modify carbon nanotubes using EB 
irradiation. Irradiated nanotubes were analyzed structurally to determine the extent of 
deterioration imparted to the nanotube upon irradiate stress. TGA decomposition 
moduli and Raman spectra of irradiated nanotubes indicates that EB does impart 
surface deformation and decreased structural integrity. However, TEM micrographs 
show that nanotubes remain structurally intact despite high irradiation dose. In 
addition, irradiation of nanotubes in ammonia atmosphere has shown to induce surface 
functionalization, as shown by XPS analysis.  
From this work, it may be concluded that EB may be used as a mild form of 
modification and/or functionalization. Future work may aim to characterize the atomic 
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percent of surface radicals formed on the nanotube surface during irradiation at 
various doses, as well as determine the percent of ammonia uptake by surface active 
sites on the nanotube. 
Overall, the objective thrusts of this work were to produce a high surface area 
substrate capable of sensing, explore how the exceptional properties of nanotubes may 
be incorporated into bulk composites, and to investigate the use of EB as a method of 
modification and functionalization of nanotubes. 
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APPENDIX A 
Epoxy/Amine System NT Type YM 
matrix 
YM 
comp 
NT 
Conc. 
% Change Reference 
 
 GPa GPa wt%   
DGEBA / triethylenetetramine MWNT 3.1 3.71 5 19.68 [39] 
BP A-epichlorhydrine/ MWNT 0.118 0.236 1 100.00 [41] 
triethylenetetramine (overaged)  0.118 0.465 4 294.07  
BP A-epichlorohydrin/ MWNT 1.2 2.3 0.5 91.67 [42] 
triethylenetetramine   (normal)  1.2 2.4 1 100.00  
BP A-epichlorohydrin/  0.12 0.24 1 100.00  
triethylenetetramine  (overaged)       
BP A-epichlorhydrine/ MWNT 1.63 2 0.5 22.70 [43] 
triethylenetetramine  2.45 2.44 0.5 -0.41  
 
 0.34 0.83 0.5 144.12  
 
 0.15 0.44 0.5 -0.41  
Diglycidyl ether of polypropylene 
glycol / 
MWNT 1.40E-03 1.95E-3 0.24 39.29 [47] 
triethylenetetramine       
BP A-epichlorohydrin)/ MWNT 1.9 2.35 1 23.68 [50] 
modified polyamine (unknown 
content) 
 1.9 2.6 2 51.80  
 
 1.9 2.75 3 44.74  
 
 1.9 2.85 4 50.00  
 
 1.9 2.9 5 52.63  
Diglycidyl ether of butanediol / MWNT (I) 1.59 3 3 65.22 [52] 
Isophoronediamine MWNT (II) 1.59 2.432 3 52.96  
 
MWNT (I) 1.59 2.762 6 73.71  
 
MWNT (II) 1.59 2.75 6 72.96  
BP A and multifunctional 
acrylate) / unknown amine 
SWNT 3.964 2.288 3 -42.28 [51] 
BP A- and BP F-epichlorohydrin / 
unknown amine 
SWNT 1.925 1.105 3 -42.60  
Aeropoxy (BP A and 
multifunctional acrylate) / 
unknown amine 
MWNT 3.964 1.298 3 -67.26  
BP A- and BP F-epichlorohydrin / 
unknown amine 
MWNT 1.925 1.963 3 1.97  
1,1-bis(4-cyanatophenyl)ethane & 
unknown amine 
SWNT 4 4.4 1 10.00 [60] 
 
 4 5.8 3 45.00  
 
 4 7 5 75.00  
DGEBA / Polyethylene-
polyamine- 
SWNT 2.875 2.909 0.1 1.18 [48] 
triethylenetetramine mixture  2.587 2.659 0.5 2.78  
DGEBA / (2-ethylic-4-methyl 
imidazole) 
MWNT 1.06 1 2 -5.66 [67] 
 
(acid-treated) 1.06 0.925 4 -12.74  
 
 1.06 0.84 6 -20.75  
 
 1.06 0.74 8 -30.19  
BP A-epichlorhydrine/ 
triethylenetetramine 
MWNT 1.3 1.7 0.5 30.769231 [56] 
 
(varying 
length) 
1.3 2.3 0.5 76.923077  
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 1.3 2.1 0.5 61.538462  
 
 1.3 2.3 1 76.923077  
 
 1.3 2.6 1 100  
 
 1.3 2.4 1 84.615385  
 
 1.3 2.6 4 100  
 
 1.3 2.8 4 115.38462  
 
 1.3 2.8 4 115.38462  
Diglycidyl ether of butanediol / MWNT  
(ball-milled) 
3.1 2.9 6 -6.45 [55] 
Isophoronediamine MWNT 
(raw) 
3.1 3.6 6 16.13  
 
MWNT 
(oxidized) 
3.1 4.1 6 32.26  
 
MWNT 
(annealed) 
3.1 4.7 6 51.61  
DGEBA/Diaminodiphenyl- MWNT 1.4 1.45 0.25 3.57 [53] 
sulfone MWNT 1.4 1.47 0.5 5.00  
 
MWNT 1.4 1.42 0.75 1.43  
 
MWNT 1.4 1.03 1 -26.43  
 
Ti02-MWNT 1.4 2.03 0.25 45.00  
 
Ti02-MWNT 1.4 2.08 0.5 48.57  
 
Ti02-MWNT 1.4 2.25 0.75 60.71  
 
Ti02-MWNT 1.4 1.8 1 28.57  
DGEBA / MWNT 1.21 1.38 1 14.05 [63] 
TH432 (aromatic amine, 
unknown content) 
Acid treated 
MWNT 
1.21 1.22 1 0.83  
 
NH2-MWNT 1.21 1.23 1 1.65  
 
Plasma-
MWNT 
1.21 1.61 1 33.06  
DGEBA / H137i SWNT 2.599 2.681 0.05 3.16 [59] 
(unknown amine hardener) SWNT 2.599 2.691 0.1 3.54  
 
SWNT 2.599 2.812 0.3 8.20  
 
DWNT 2.599 2.785 0.1 7.16  
 
DWNT 2.599 2.885 0.3 11.00  
 
DWNT 2.599 2.79 0.5 7.35  
 
NH2-DWNT 2.599 2.61 0.1 0.42  
 
NH2-DWNT 2.599 2.944 0.3 13.27  
 
NH2-DWNT 2.599 2.978 0.5 14.58  
 
MWNT 2.599 2.78 0.1 6.96  
 
MWNT 2.599 2.765 0.3 6.39  
 
MWNT 2.599 2.609 0.5 0.38  
 
NH2-MWNT 2.599 2.884 0.1 10.97  
 
NH2-MWNT 2.599 2.819 0.3 8.46  
 
NH2-MWNT 2.599 2.82 0.5 8.50  
DGEBA /  DWNT 3.3 3.35 0.1 1.52 [58] 
H 137i (unknown amine 
hardener) 
NH2-DWNT 3.3 3.5 0.1 6.06  
 
NH2-DWNT 3.3 3.5 1 6.06  
DGEBA  / EpiCure W SWNT 2.026 2.123 1 4.79 [57] 
 
Fluorinated-
SWNT 
2.026 2.262 1 11.65  
DGEBA / EPON W SWNT 2.026 2.123 1 4.79 [66] 
 
NH2-SWNT 2.026 2.65 1 30.80  
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NH2-SWNT 2.026 3.4 4 67.82  
DGEBA / Epicure 9470 SWNT 2.44 2.52 0.5 3.28 [64] 
 
SWNT 
(funct.) 
2.44 3.04 0.5 24.59  
DGEBA (self-polymerization) Simulated Short SWNT                         
5 
8 10.6 60.00 [54] 
 
Simulated 
Long SWNT 
5 81 10.6   
BP A /  CSCNT 5.3 7.8 5 47.17 [61] 
Triethylenetetramine CSCNT 5.3 7.1 10 33.96  
 
CSCNT 5.3 6.1 20 15.09  
 
CSCNT 
(Ozone) 
5.3 8.5 5 60.38  
 
CSCNT 
(Ozone) 
5.3 7.2 10 35.85  
 
CSCNT 
(Ozone) 
5.3 6.5 20 22.64  
DGEBA homopolym. with 4-
dimethylamino pyridine initiator 
MWNT 3.48 3.06 0.5 -12.07 [74] 
 
MWNT 3.48 3.28 1 -5.75  
 
MWNT 3.48 3.15 3 -9.48  
 
COOH-
MWNT 
3.48 3.11 0.5 -10.63  
 
COOH-
MWNT 
3.48 3.1 1 -10.92  
 
COOH-
MWNT 
3.48 3.06 3 -12.07  
 
PGE-MWNT 3.48 3.48 0.5 0.00  
 
PGE-MWNT 3.48 3.58 1 2.87  
 
DGEBA-
MWNT 
3.48 3.52 0.5 1.15  
 
DGEBA-
MWNT 
3.48 3.59 1 3.16  
 
DGEBA-
MWNT 
3.48 4.02 3 15.52  
DGEBA / HY560 SWNT 2.945 3.004 0.01 2.00 [73] 
 
 2.945 3.092 0.05 4.99  
EPON815(DGEBA &  2-
butoxymethyl oxirane) / 
Polyetheramine 
SWNT 2.828 2.8 0.01 -0.99  
EPON815 / Polyetheramine  2.828 3.054 0.05 7.99  
DGEBA / HY560 MWNT 2.945 3.2395 0.01 10.00  
DGEBA / HY560  2.945 3.2984 0.05 12.00  
EPON815 / Polyetheramine MWNT 2.828 2.88456 0.01 2.00  
EPON815 / Polyetheramine  2.828 2.9694 0.05 5.00  
EPON828 / mPDA Small Diam 
MWNT 
1.97 1.59 1 -19.29 [72] 
 
Large Diam 
MWNT 
1.97 1.77 1 -10.15  
DGEBA / Polyethylene-
polyamine-triethylenetatramine 
mixture 
COOH-
SWNT 
2.874 2.91 0.1 1.25 [49] 
BP A-epichlorohydrin)/ modified 
polyamine (unknown content) 
MWNT 2.83 4.56 5 61.13 [68] 
  
SWNT 
(align., par) 
0.415 0.5 0.5 20.48 [69] 
 
SWNT 
(align., par) 
0.415 0.595 1 43.37  
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SWNT 
(align., par) 
0.415 0.725 2 74.70  
 
SWNT 
(align., par) 
0.415 0.843 3 103.13  
 
SWNT 
(align., par) 
0.415 1.02 5 145.78  
 
SWNT 
(align., par) 
0.415 1.1 7 165.06  
 
SWNT 
(align., par) 
0.415 1.15 10 177.11  
 
SWNT 
(align. Perp) 
0.39 0.44 0.5 12.82  
 
SWNT 
(align. Perp) 
0.39 0.48 1 23.08  
 
SWNT 
(align. Perp) 
0.39 0.52 2 33.33  
 
SWNT 
(align. Perp) 
0.39 0.57 3 46.15  
 
SWNT 
(align. Perp) 
0.39 0.61 5 56.41  
 
SWNT 
(align. Perp) 
0.39 0.62 7 58.97  
 
SWNT 
(align. Perp) 
0.39 0.625 10 60.26  
DGEBA / ethane-1,2-diamine MWNT 5 5.5 1 10.00 [75] 
 
 5 6 3 20.00  
  
 5 7 5 40.00  
Unknown epoxy and amine 
hardener 
SWNT 2 2.3 0.5 15.00 [71] 
 
epoxy-
SWNT 
2 2.6 0.5 30.00  
 
epoxy-
SWNT 
2 3.2 1 60.00  
DGEBA/Diaminodiphenylsulfone MWNT     [70] 
 
epoxy-
MWNT 
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